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INTRODUCTION 
This Annual Report is the  seventh of a series desc r ib ing  the  
r e s u l t s  of research  conducted by the  U.S. Geological  Survey on be- 
h a l f  of t he  Nat iona l  Aeronautics and Space Administration. The 
r e p o r t  i s  i n  fou r  volumes corresponding t o  fou r  main areas of 
research:  P a r t  A, Lunar and P lane ta ry  I n v e s t i g a t i o n s ;  P a r t  B ,  
Crater I n v e s t i g a t i o n s ;  P a r t  C ,  Cosmic Chemistry and Petrology;  
P a r t  D,  Space F l i g h t  Inves t iga t ions ;  and a map supplement. An 
a d d i t i o n a l  volume p resen t s  a b s t r a c t s  of the  papers i n  P a r t s  A,  B ,  
C ,  and D. 
The major long-range ob jec t ives  of t h e  a s t rogeo log ic  s t u d i e s  
program are t o  determine and map the  s t r a t i g r a p h y  and s t r u c t u r e  of 
the Moon's c r u s t ,  t o  work ou t  from these t h e  sequence of even t s  
t h a t  l ed  t o  t h e  p re sen t  condi t ion  of the Moon's s u r f a c e ,  and t o  
determine the  processes  by which these  events  took place.  Work t h a t  
leads  toward these  ob jec t ives  inc ludes  a program of lunar  geologic  
mapping; s t u d i e s  on the  d i sc r imina t ion  of geologic  materials on 
the  lunar  s u r f  ace by t h e i r  photometric , p o l a r  h e  tr i c  , and i n f r a r e d  
p r o p e r t i e s ;  f i e l d  s t u d i e s  of s t r u c t u r e s  of impact, explos ive ,  and 
volcanic  o r i g i n ;  l abo ra to ry  s t u d i e s  on the behavior  o r  rocks and 
minera ls  sub jec t ed  t o  shock; and s tudy  of t h e  chemical, pe t rographic ,  
and phys ica l  p r o p e r t i e s  of materials of  poss ib l e  luna r  o r i g i n  and 
the  development of s p e c i a l  techniques f o r  t h e i r  ana lys i s .  
P a r t  C ,  Cosmic Chemistry and Petrology,  inc ludes  r e p o r t s  on 
techniques of s tudy ,  a n a l y s i s ,  and i n t e r p r e t a t i o n  of d a t a  on 
materials of known o r  suspected e x t r a t e r r e s t r i a l  o r ig in .  
r e s u l t s  of  a s tudy  i n  which metallic spheru les  and g l a s s  i n  
t e k t i t e s  are compared with spheru les  and g l a s s  i n  impac t i t e s  are 
presented. Conclusions are drawn as t o  the p a r t i a l  p re s su re  of 
oxygen dur ing  t e k t i t e  formation. N e w  chemical ana lyses  of the  
Martha's  Vineyard and Georgia t e k t i t e s  revea l  t h a t  t hese  t e k t i t e s  
are g e n e t i c a l l y  r e l a t e d  t o  t h e  Texas t e k t i t e s  ( b e d i a s i t e s )  and 
t h a t  they were probably formed by the  same event.  
The 
A s tudy  done 
V 
i n  cooperat ion with the Smithsonian I n s t i t u t i o n  r evea l s  t h a t  
t r o i l i t e  lamellae i n  i r o n  me teo r i t e s  c r y s t a l l i z e d  from a m e l t ,  
and t h a t  some of the me teo r i t e s  conta in ing  these  lamellae appar- 
e n t l y  cooled extremely rapidly.  
the search  f o r  cosmic d u s t  as p a r t  of t he  Lus ter  P r o j e c t ,  done i n  
cooperat ion with NASA. A review a r t ic le  on the  la tes t  techniques 
ava i l ab le  i n  geochemical a n a l y s i s  i s  included. The work w a s  done 
i n  cooperat ion wi th  the  Branch of Ana ly t i ca l  Se rv ices ,  U.S. Geolog- 
i c a l  Survey. F i n a l l y ,  new techniques are presented  f o r  the  a n a l y s i s  
of t r ace  amounts of C s ,  H f ,  and T a  by neutron a c t i v a t i o n  and of  Zn 
and Ag by spectrography. 
Fu r the r  d a t a  are presented  on 
v i  
METALLIC SPHERULES I N  IMPACTITE AND TEKTITE GLASSES 
DESCRIPTION OF SPHERULES 
Ni-Fe spheru les  i n  impact i te  bombs from t he  Wabar and Meteor 
Crater me teo r i t e  impact c r a t e r s  have been descr ibed  by s e v e r a l  
au tho r s  (Spencer,  1933; Nininger ,  1954; Park and Reid, 1964; Larson 
and o t h e r s ,  1964). The spheru les  c o n s i s t  of Ni-Fe f i n e l y  i n t e r -  
By Robin Brett 
INTRODUCTION 
Impact i te  bombs c o n s i s t  predominantly of g l a s s  t h a t  formed from 
rock and s o i l  when a me teo r i t e  h i t  t he  ear th .  These impact i te  bombs, 
which have been descr ibed by s e v e r a l  au thors ,  commonly con ta in  s m a l l  
Ni-Fe spherules .  
Previous ana lyses  of metall ic spheru les  from meteo r i t e  impact 
c r a t e r s  i n d i c a t e  t h a t  the  spheru les  a r e  r i c h e r  i n  N i  than  the  pa ren t  
me teo r i t e  from which they were der ived.  The N i  conten t  of m e t a l l i c  
spheru les  i n  t e k t i t e s  is c o n s i s t e n t l y  low wi th  r e spec t  t o  t h a t  i n  
imp ac t i t e s p he r u  le s . 
I n  t h i s  paper ,  the  poss ib l e  causes  of the  N i  enrichment are 
examined, and oxida t ion ,  which the  spherules  i n  t e k t i t e s  have not  
undergone, i s  proposed as the  most l i k e l y  one. 
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Spherules  occur both w i t h i n  impac t i t e  g l a s s  bombs (Spencer ,  
1933) and as d i s c r e t e  i nd iv idua l s  coated wi th  a t h i n  l a y e r  of oxide 
and s i l i c e o u s  g l a s s  (Mead and o t h e r s ,  1965). The sphe ru le s  w i t h i n  
the i m p a c t i t e  g l a s s  bombs commonly occur i n  dark  r a t h e r  than  l i g h t -  
colored g l a s s .  Spherules  range i n  diameter  from 0.5 mm t o  less 
than a micron. Within any given impact i te  bomb, sphe ru le s  are h igh ly  
i r r e g u l a r  i n  s i z e  and concen t r a t ion ;  they are as common near  the  
sur face  of bombs as i n  the  i n t e r i o r .  Unlike spheru les  i n  t e k t i t e s ,  
not  a l l  metal p a r t i c l e s  i n  impac t i t e s  are sphe r i ca l .  
centage of these  p a r t i c l e s  i n  Meteor Crater impac t i t e s  are i r r e g u l a r  
i n  shape; among these ,  a dumbbell shape i s  e s p e c i a l l y  common. 
A s m a l l  per-  
M e t a l l i c  spheru les  i n  the Wabar and Meteor Crater impac t i t e s  
a r e  undoubtedly of m e t e o r i t i c  o r i g i n ,  s i n c e  metall ic m e t e o r i t e s  are 
the only a v a i l a b l e  source of Ni-Fe. 
Spherules  similar i n  s i z e  and mineralogy t o  those  i n  impac t i t e s  
occur wi th in  tekt i tes  from Dalat, South V i e t  Nam, and Mandaluyong, 
Ph i l ipp ine  I s l a n d s  (Chao and o t h e r s ,  1964). They have a l s o  been 
reported i n  a u s t r a l i t e s  by SchGller and Ottemann (1963). 
a r e  cons iderably  rarer i n  t e k t i t e s  than  i n  impact i te  g lasses .  The 
presence of c o e s i t e ,  which appears  t o  be i n d i c a t i v e  of m e t e o r i t i c  
impact  (Chao and o t h e r s ,  1960), i n  t e k t i t e s  (Walter, 1965) and the  
resemblance of the  m e t a l l i c  spheru les  i n  t e k t i t e s  t o  impact i te  
spherules  suggest  t h a t  the  sphe ru le s  are of m e t e o r i t i c  o r ig in .  
Spherules  
IRON AND NICKEL CONTENT OF SPHERULES AND G M S  
Previous Work 
Analyses by previous workers of t h e  N i  con ten t  of impact i te  and 
t e k t i t e  spheru les  are given i n  t a b l e  1. Some Wabar spheru les  are 
g r e a t l y  enr iched i n  N i  wi th  r e s p e c t  t o  t h e  p a r e n t  m e t e o r i t e ,  conta in-  
ing 7.3 w t  percent  N i  (Spencer ,  1933). One spheru le  i n  s u e v i t e  
g l a s s  from the Bosumtwi Crater ( E l  Goresy, 1966) i s  low i n  N i  wi th  
respec t  t o  i m p a c t i t e  spheru les  from o t h e r  craters. The composition 
of the parent  me teo r i t e  i s ,  however, unknown. 
Table 1. --Analyses of n i c k e l  i n  m e t a l l i c  spheru les  from impact i te  
glass and t e k t i t e s  
[Analysis  by e l e c t r o n  microprobe unless  otherwise s t a t e d ]  
Loca l i t y  N i ,  w t  percent  Reference 
Wabar Crater 8 - 11 Park and Reid ( 1964). 
10 - 48 Larson and o t h e r s  
( 1964). 
* 8 . 8  Spencer (1933). 
Bosumtwi Crater 5 .2  E l  Goresy ( 1966). 
P h i l  ipp i n i t e s  
Indoch in i t e s  
1 .2  - 3.2 Chao and o t h e r s  
2 .1  - 4.9 Chao and o t h e r s  (1962). 
( 19 64) . 
4.4  - 13.2 Chao and o t h e r s  
(1964). 
;?Wet chemical ana lys i s .  
Analyses of Meteor Crater spheru les  t h a t  were not  enclosed i n  
g l a s s  a l s o  show enrichment of N i  wi th  r e s p e c t  t o  t h e  composition of 
t he  pa ren t  meteor i te .  
(Nin inger ,  1956; Park and Reid, 1964; Mead, and o t h e r s ,  1965). 
No ana lyses  have been made of the Fe o r  N i  con ten t  of t he  
N i  con ten t s  a r e  as h igh  as 45 w t  percent  
impact i te  o r  t e k t i t e  g l a s s e s  containing sphe ru le s ,  a l though 
Spencer (1933) included a bulk a n a l y s i s  of Wabar b lack  g l a s s  wi th  
spheru les  ( t a b l e  2).  Spencer ca l cu la t ed  t h a t  the  Fe-Ni r a t i o  i n  
the  b lack  g l a s s  ( inc lud ing  spherules)  is c l o s e  t o  t h a t  of the  
pa ren t  meteor i te .  Table 2 a l s o  l i s t s  ana lyses  of some t e k t i t e  
g l a s ses .  
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Table 2.--Composition of s e l e c t e d  t e k t i t e s ,  i m p a c t i t e s ,  and 
impact i te  source material 
[ T e k t i t e  analyses  from Chao ( 19 63) , Wabar ana lyses  
from Spencer ( 1933) ] 
S io2 
*l2'3 
N i o  
Fe 0 
FeO 
2 3  
MgO 
CaO 
S r O  
Na 0 
2 
T i O Z  
'2'5 
K2° 
c02 
H2°+ 
MnO 
H20- 
Total  
Indo- 
ch i n  i tes 
73.0 
12.83 
--- 
.64 
4.37 
2.48 
1 . 9 1  
--- 
1.45 
2.40 
.73  
--- 
--- 
.09 
--- 
--- 
P h i l i p -  
p i n i t e s  
70.8 
13.85 
--- 
.70 
4.30 
2.60 
3.09 
--- 
1.38 
2.40 
.79 
--- 
-e- 
.09 
--- 
--- 
Avg. 
t e k t i t e  
73.87 
12.69 
--- 
.47 
4.16 
2.18 
2 .23  
--- 
1.38 
2 .28  
.75 
--- 
--- 
. l o  
--- 
--- 
Wabar 
white  
glass 
92.88 
2.64 
--- 
.23 
.53 
.47 
1.46 
--- 
.42 
1. 6 1  
.12  
tr. 
--- 
. O l  
.32 
. 11 
Wabar 
b lack  
$lass* 
87.45 
1 . 7 7  
.35 
.28 
5.77 
.60 
1.90 
--- 
.39 
.58 
.15 
tr. 
--- 
. O l  
.04 
.08 
Wabar 
sand - 
s tone  
92.06 
2.80 
--- 
. 60 
. 1 9  
.45  
1.19 
.01 
1.03 
1.04 
. 1 2  
--- 
.58  
. O l  
.20 
.22  
99.90 100.00 100.11 100.80 99.37 100.50 
*Includes Ni-Fe  spherules .  
Presen t  Analyses 
I n  the p re sen t  s tudy ,  g l a s s  and spheru les  from both the  
Mandaluyong, Ph i l ipp ine  I s l a n d s ,  and Dalat, South V i e t  Nam,  t e k t i t e  
l o c a l i t i e s  and impact i te  g l a s s  from t h e  me teo r i t e  c r a t e r s  a t  Wabar, 
Saudi  Arabia ,  and Meteor Crater, Ar iz . ,  were examined f o r  Fe and N i  
with  an ARL e l e c t r o n  microprobe. Some sphe ru le s  were a l s o  analyzed 
f o r  Si, us ing  pure Fe as a s tandard .  
been oxid ized  by weathering, s i n c e  they showed no c h a r a c t e r i s t i c  
oxide v e i n l e t s  o r  p r e f e r e n t i a l  ox ida t ion  of t r o i l i t e .  
The sphe ru le s  analyzed had no t  
Fe-Ni s t anda rds  f o r  spheru le  a n a l y s i s  were those  used by 
Golds te in  and Ogi lv ie  (1965). 
3 .1 ,  4.2, 4.4,  4.9,  6.7 w t  pe rcen t ) ,  pyroxenes ( t o t a l  Fe = 8.5, 
14.7, 16.5, 19.9, 24.3 w t  p e r c e n t ) ,  chromite ( t o t a l  Fe = 10.9 w t  
pe rcen t ) ,  and f a y a l i t e  ( t o t a l  Fe = 44.2 w t  percent )  were used as 
s t anda rds  i n  determining the Fe content of the  impac t i t e  and t e k t i t e  
g l a s ses .  The accuracy f o r  the  q u a n t i t a t i v e  a n a l y s i s  of N i  i n  t h e  
Ni-Fe sphe ru le s  is conse rva t ive ly  es t imated  as w i t h i n  f 5 pe rcen t  
of the  amount p r e s e n t ,  and f o r  the Fe ana lyses  of t h e  g l a s s e s  with- 
i n  f 10 pe rcen t  of t h e  amount p re sen t .  
Synthe t ic  g l a s s e s  ( to ta l  Fe = 1.4,  
Resul t s  are l i s t e d  i n  t a b l e  3 and f i g u r e  1. A t  least 10 p o i n t s  
were analyzed wi th in  each spheru le ,  both by traverse and s p o t  a n a l y s i s .  
A t  least 12 p o i n t s  were analyzed wi th in  t h e  g l a s s  surrounding each 
spheru le  by t r a v e r s i n g  from 0-100 microns o u t  from t h e  sphe ru le  a t  
e i t h e r  2- o r  5-micron i n t e r v a l s .  
more than  500 microns d i s t a n t  from any sphe ru le  were a l s o  made 
f o r  most specimens. The above f i g u r e  of 500 microns is c o r r e c t  on ly  
if it i s  assumed t h a t  t h e r e  were no spheru les  w i t h i n  500 microns 
below t h e  s u r f a c e  analyzed. The assumption is probably no t  c o r r e c t  
i n  some measurements of impac t i t e  g l a s s ,  which e x p l a i n s  t h e  h igh  Fe 
con ten t  of some of the  glass .  
A t  l e a s t  10 s p o t  ana lyses  of g l a s s  
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Table 3. --Microprobe analyses of N i  i n  spheru les  and Fe i n  surrounding g l a s s  of t e k t i t e s  and impact i tes  
[More than one l i s t i n g  f o r  a given specimen corresponds t o  ana lyses  of more than 
one spheru le  i n  t h a t  specimen. A l l  ana lyses  i n  w t  percent ,  given a s  mean p lus  s t d  
d e v i a t i o n  and range of values.  Ranges of va lues  are i n  parentheses]  
Loca l i ty  
P h i l i p p i n i t e  A 
P h i l i p p i n i t e  B 
Indochin i te  A 
Meteor C r a t e r  A 
Meteor C r a t e r  A 
Meteor C r a t e r  A 
Meteor C r a t e r  B 
Meteor C r a t e r  C 
Wabar A 
Wabar A 
Wabar A 
Wabar A 
Wabar 8 
Wabar c 
Wabar c 
Wabar c 
Wabar c 
Wabar c 
Wabar D 
Wabar D 
Wabar D 
Wabar D 
N i  i n  metal 
1 . 5 i  0.1 
( 1 . 3 -  1.7) 
2.7 f 0.3 
(2 .5  - 3.5) 
5.0 f 0.5 
(4.5 - 6.5) 
2 2 . 8 f  1.9 
(19.7 - 23.5) 
55.2 * 1.1 
(53.6 - 56.6) 
50.6 i 2.3 
(47 .1  - 53.6) 
50.7 f 0.6 
(50.0 - 51.6) 
61.3 2.0 
(57.6 - 64.7) 
14.1 f 0.3 
(13.5 - 14.7) 
12.5 f 0.2 
(12.2 - 12.7) 
14.4 f 0.3 
(14.2 - 14.7) 
3 1 . 8 i  0.3 
(31.2 - 32. 1) 
39.5 f 0.9 
(38.3 - 40.6) 
11.0 f 0.7 
(9.8 - 13.3) 
11.1 f 0.5 
(10.7 - 12.0) 
10.0 * 0.2 
(9.9 - 10.2) 
(9.9 - 10.8) 
10.2 0.4 
29.4 f 0.5 
(28.2 - 30.5) 
8.4 f 0.4 
(7.9 - 9.0) 
1 1 . 5 f  0 . 1  
(11.3 - 11.7)  
8.5 f 0.3 
(8.3 - 8.7) 
8. 6 
Fe conten t  of 
500 microns from 
any spheru le  
(3.8 - 4.8) (3.3 - 4.5) 
Comments Fe in lass g l a s s  a t  least 
4.4 f 0.2 4.0 i 0.5 
5.4 f 0.5 5.4 f 0.3 
( 4 . 8  - 5.8) (5.0 - 5.7) 
3.6 i 0.2 3.5 i 0.2 
(3 .2  - 4.0) (3.3 - 3.7) 
24.9 i 1.6 --- N i  conten t  of Canyon Diablo 
(23.2 - 27.4) m e t e o r i t e  i s  7-8.5 w t  per- 
cen t  ( P r i o r ,  1953). 
2 1 . 8 f  1.0 --- 
(21.5 - 22.7) 
1 7 . 1  i 5.4 Fe conten t  of g l a s s  on one s i d e  
24.0 f 0.1 from t h a t  on the o ther .  
(11.5 - 22. 8) --- of spheru le  d i f f e r s  markedly 
(22.7 - 25.0) 
22.8 i 0.6 17.4 f 7.2 
(22.2 - 23.5) (0.8 - 23.2) 
22.6 f 0.8  --- 
(21.4 - 24.3) 
7.7 f 1.0 5.6 i 2.8 N i  conten t  of parent  meteor- 
( 6 . 3 -  8.6) ( 0 . 3 -  8.0) i te  i s  7 .3  w t  percent  
(Spencer, 1933). 
5.7 f 1.4 5.6 f 2.8 
(2.5 - 7.6 (0.3 - 8.0) 
--- 5.6 f 2.8 
(0.3 - 8.0) 
9.7 + 0.4 5 . 6 i  2.8 
( 9 . 1  - 10.4) (0.3 - 8.0) 
6.3 f 0.4 4.2 -L 2.4 
(5.8 - 7.0) (1.6 - 6.5) 
4.4 f 0.6 3.3 f 3.6 
(3.0 - 5.3) (0 - 13.9) 
7.2 i 1.0 3.3 f 3.6 
(5.5 - 9.7) (0  - 13.9) 
6.3 i 1.3 3.3 f 3.6 
(4.6 - 10.7) ( 0  - 13.9) 
6 . 5 f  1.8 3.3 f 3.6 
(4.2 - 9.2) (0  - 13.9) 
7.6 f 0.5 3.3 f 3.6 
(6.3 - 8.6) (0 - 13.9) 
8.4 f 0.6  - - -  Light-colored g l a s s  of Park and 
(6.7 - 9.1) Reid (1964). Spherules so abun- 
dant  t h a t  a l l  g l a s s  l a y  wi th in  
500 microns of a spherule.  
7.3 f 1.3  - - -  Do. 
( 4 . 6  - 9.2) 
11.5 i 2.1  - - -  
( 7 . 8  - 14.2) Do. 
4.2 * 3.7 --- Light-colored g l a s s ,  a s  above. 
( 0 . 1  - 8.8) 1 s p o t  a n a l y s i s  of meta l  only. 
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Figure 1.--Plot  of N i  i n  m e t a l l i c  spherules  versus  Fe conten t  of 
surrounding g l a s s  f o r  i ndoch in i t e ,  p h i l i p p i n i t e ,  Canyon Diablo 
(Meteor Crater) impac t i t e ,  and Wabar impact i te  specimens. The 
range of values  f o r  any given measurement r ep resen t s  the s tandard 
d e v i a t i o n  from the  mean f o r  t he  ana lys i s .  
paren theses  r e f e r  t o  the number of d i f f e r e n t  spheru le  measure- 
ments which p l o t  w i th in  the  a r e a  shown. 
The f i g u r e s  in 
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Analysis  of t e k t i t e  and impac t i t e  g l a s s e s  showed g r e a t e r  
contents  of Fe and N i  i n  g l a s s  w i t h i n  8 microns of the  spheru le  
boundaries than i n  g l a s s  f a r t h e r  from the  sphe ru le ,  presumably 
because of e x c i t a t i o n  from p a r t  of t he  spheru le  below the sur face .  
No g rad ien t s  i n  Fe conten t  of g l a s s  were observed w i t h i n  100 
microns of any spheru le ,  
they are masked by the  e x c i t a t i o n  e f f e c t .  
of a spherule  are the re fo re  not  included i n  t a b l e  3. 
I f  any g rad ien t s  e x i s t  w i t h i n  8 microns,  
Analysis  w i t h i n  8 microns 
Var i a t ion  ranges of the  con ten t s  of N i  i n  metal and Fe i n  g l a s s  
i n  any given impact i te  bomb a r e  cons iderably  l a r g e r  than the  e s t i m -  
a ted a n a l y t i c a l  e r ro r .  
given spheru le  may be due t o  a c c i d e n t a l  a n a l y s i s  of t he  t i n y  t r o i l i t e  
and s c h r e i b e r s i t e  p a r t i c l e s  t h a t  occur i n  these  spheru les  , b u t  most 
observed a n a l y t i c a l  d i f f e r e n c e s  probably r e f l e c t  real d i f f e r e n c e s  
i n  t he  N i  conten t  of the  m e t a l  phase. 
P a r t  of the v a r i a t i o n  i n  N i  con ten t  of any 
The N i  conten t  of t e k t i t e  g l a s s  w a s  no g r e a t e r  than t h a t  of a 
g l a s s  s tandard  i n  which the  N i  con ten t  is a few p a r t s  p e r  mi l l i on .  
The N i  conten t  of the  impact i te  g l a s s e s  w a s  as much as t h r e e  t i m e s  
g rea t e r  than t h a t  of the  s tandard.  
The a n a l y t i c a l  r e s u l t s  can be summarized as fol lows:  
1. I n  any given t e k t i t e ,  t he  Fe conten t  of g l a s s  i s  f a i r l y  
uniform throughout ( 4 - 6  w t  pe rcen t  i n  the  p h i l i p p i n i t e s ,  and 3-4  w t  
percent  i n  the indochin i te  specimen). The Fe con ten t  of impact i te  
g l a s s  i n  the  v i c i n i t y  of spheru les  i s  cons iderably  h ighe r  than  t h a t  
of t e k t i t e  g l a s s .  
given impact i te  spheru le  b u t  d iminishes ,  i n  some specimens t o  the  
l i m i t  of d e t e c t i o n  (0.01 w t  p e r c e n t ) ,  a t  d i s t a n c e s  500 microns o r  
more from any spherule .  Unfor tuna te ly ,  no continuous p r o f i l e  showing 
these  g rad ien t s  w a s  obtained.  
It i s  f a i r l y  cons t an t  w i t h i n  100 microns of any 
1 
2. No r e l a t i o n  between the  s i z e  of spheru les  and t h e i r  N i  
content  w a s  found ( t a b l e  4 ) .  Spherules  vary  widely i n  t h e i r  N i  
conten ts  w i th in  any given impact i te  bomb, but  the amount is f a i r l y  
constant  i n  any ind iv idua l  spherule .  
8 
. 
6 3. The N i  conten t  of impact i te  spheru les  (Meteor Crater, 20- 
65 w t  pe rcen t  N i ;  Wabar, 8-41 w t  percent  N i )  is cons iderably  h igher  
than  t h a t  of t e k t i t e  spheru les  ( p h i l i p p i n i t e s ,  1-3 w t  percent  N i ;  
i ndoch in i t e s ,  4-6 w t  percent  N i ) .  
d ep le t ed  i n  Fe with r e spec t  t o  the parent  meteorite. 
The impac t i t e  spheru les  are 
4. The Fe conten t  of Meteor Crater impact i te  g l a s s  i n  the  
v i c i n i t y  of spheru les  (11-27 w t  percent)  i s  h igher  than t h a t  of 
Wabar glass (0-10 w t  pe rcen t ) ,  even though the  N i  con ten t s  of the  
pa ren t  me teo r i t e s  are approximately the same. The Fe conten t  of 
t h e  g l a s s  near  spheru les  i n  any given bomb is reasonably constant .  
5. Nei ther  the  spheru les  i n  impact i tes  nor  t e k t i t e s  showed 
s i l i c o n  con ten t s  above t h e  s i l i c o n  background measured f o r  a pure  
Fe s tandard.  
6. The N i  conten t  of spheru les  in  l i gh t - co lo red  Wabar g l a s s  
repor ted  here  i s  i n  agreement wi th  the ana lyses  by Park and Reid (1964). 
Table 4.--Average Ni content  of spherules  i n  Wabar impactite glass 
arranged i n  o rde r  of increas ing  sphe ru le  diameter  
Spherule  diameter  (microns) 
8 
10 
10 
12 
15 
20 
20 
25 
28 
30 
36 
57 
10 5 
Ni content  ( w t  percent )  
8.4 
8.2 
32.0 
12.7 
10.0 
8.5 
10.2 
11.5 
39.8 
11.1 
14.0 
11.0 
29.4 
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THE SYSTEM Fe-Ni-0 
To i n t e r p r e t  the  above r e s u l t s  i t  is necessary  t o  have some 
understanding of the  phase e q u i l i b r i a  of t he  system Fe-Ni-0. Un- 
fo r tuna te ly ,  d a t a  on the  system are i n s u f f i c e n t  t o  d e r i v e  thermo- 
chemical conclusions f o r  the  p re sen t  s tudy;  i n  a d d i t i o n ,  n e i t h e r  
t h e  t i m e  of hea t ing  nor the  maximum temperature  reached du r ing  
t h e  formation of impact i te  and t e k t i t e  g l a s s  has  been d e f i n i t e l y  
es tab l i shed .  The temperature w a s  above about  1,5OO0C, as a t  t h a t  
temperature Ni-Fe a l l o y s  of composition similar t o  those  i n  
ites and t e k t i t e s  m e l t  (Hansen and Anderko, 1958). 
impact- 
Much has been w r i t t e n  on the  mechanism of ox ida t ion  of Fe-Ni 
a l l o y s ,  bu t  Brabers and B i rchena l l  have publ ished (1958) the  only  
phase  diagram (1,050"C isotherm) of the  Fe- r ich  p o r t i o n  of t he  
system ( f i g .  2).  Progress ive  ox ida t ion  of Fe-Ni a l l o y s  con ta in ing  
less than 55 at. percent  N i  r e s u l t s  i n  the  formation of Gstite 
(Fel-xO) i n  which N i  i s  v i r t u a l l y  absen t  and i n  t h e  p rogres s ive  
enrichment of the  metal phase i n  n icke l .  Continued ox ida t ion  causes  
the formation of a n i cke l - i ron  s p i n e l  [ (Fe ,  Ni)O.Fe 0 1 + m e t a l  + 
Gstite and, f o r  a l l o y s  wi th  an  o r i g i n a l  N i  con ten t  g r e a t e r  than  
about 24 at. pe rcen t  N i ,  t h e  equ i l ib r ium assemblage becomes Ni-r ich 
metal p l u s  Ni- r ich  sp ine l .  
2 3  
No d e t a i l s  exis t  on phase e q u i l i b r i a  a t  temperatures o t h e r  
than 1,O5O0C, b u t  Fech t ig  and Utech (1964) have shown t h a t  molten 
Fe -Ni  a l l o y s  become p rogres s ive ly  enr iched  i n  n i c k e l  dur ing  oxida t ion .  
I n  the  p re sen t  s tudy ,  t he  m e t a l  i n  t h e  Bogou i r o n  m e t e o r i t e  
( t o t a l  N i  7 .2  w t  pe rcen t ,  E. P. Henderson and R. S. Clarke ,  Jr. , 
o r a l  c m u n . ,  1966) w i t h i n  a few microns of t he  a b l a t i o n  c r u s t  caused 
by oxida t ion  upon e n t r y  i n t o  t h e  e a r t h ' s  atmosphere w a s  analyzed by 
the  methods descr ibed ear l ier .  The N i  conten t  of t h i s  metal i s  con- 
s i s t e n t l y  h igh  compared wi th  t h a t  i n  the  i n t e r i o r  of t h e  m e t e o r i t e ,  
and is  l o c a l l y  as high  as 65 w t  pe rcen t  where t h e  m e t a l  p e n e t r a t e s  
t h e  oxide a t  a c u t e  angles .  The i r o n  oxide con ta ins  less than 2 w t  
pe rcen t  N i .  
experimental  observat ions.  
Oxidat ion dur ing  a b l a t i o n  t h e r e f o r e  d e p l e t e s  Fe i n  the  
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Figure  2.--Phase diagram of the  Fe-rich p t i o n  of the  system Fe- 
a t  1 , O 5 O 0 C  (after Brabers and B i rchena l l ,  1958). Symbols: 
y = y-Fey N i ;  M t .  SS. = magnet i te  s o l i d  s o l u t i o n  [(Fe,Ni)O.Fe 0 1 ,  
WS. = G s t i t e  (FeO). 
2 3  
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EXPERmNTAL WORK 
Some s i m p l e  hea t ing  experiments were made t o  examine p o s s i b l e  
mechanixms of N i  enrichment i n  m e t a l l i c  spheru les .  M e t a l l i c  f i l i n g s  
of composition approximating t h a t  of a coarse  o c t a h e d r i t e  (92.3 w t  
percent  Fe, 7 .0  w t  percent  N i ,  0.5 w t  percent  Co, and 0 . 2  w t  pe rcen t  
C) were obtained from Manlabs Inc . ,  Cambridge, Mass. A p o r t i o n  of 
these f i l i n g s  was p a r t i a l l y  oxid ized  by h e a t i n g  i n  a i r ,  another  por- 
t i on  was l e f t  unoxidized. The two ba tches  of f i l i n g s  were then 
placed i n  two s i l i ca  g l a s s  tubes i n  the  narrow space between the  
tube w a l l  (1 .3  mm t h i c k ) ,  and a t i g h t - f i t t i n g  s i l i ca  g l a s s  rod. 
The tubes were then evacuated and sea led .  The p a r t  of each tube 
containing f i l i n g s  was then  heated i n  a hydrogen-oxygen blowtorch 
flame f o r  approximately 30 seconds. The maximum flame temperature  
a t t a i n e d  i n  t h i s  way i s  2,660"C (Lur i e  and Sherman, 1933); temp- 
e r a t u r e s  i n  the  s i l i ca  g l a s s  tubes probably were about  2,000" * 300°C. 
The tube conta in ing  m e t a l  p lus  oxide melted more r e a d i l y  than  
t h e  one conta in ing  j u s t  metal, and i t  v e s i c u l a t e d  v igorous ly  i n  
p laces ,  with r ap id  d i f f u s i o n  of the  oxid ized  m e t a l  through t h e  g l a s s ,  
causing i t  t o  become dark  i n  co lor .  
i n  c o l o r  o r  appearance of t he  tube conta in ing  unoxidized m e t a l  a f t e r  
hea t ing ,  except  f o r  the  formation of a few s m a l l  vesicles. 
runs were cooled i n  air. 
There was  l i t t l e  o r  no change 
Both 
Pol ished s e c t i o n s  were made of both runs ,  which w e r e  then  
examined microscopical ly .  
metal  f i l i n g s .  D e v i t r i f i e d  g l a s s  surrounded t h e  numerous v e s i c l e s  
and the  con tac t  of spheru les  wi th  da rk  g l a s s  i n  the  specimen which 
had been prepared from p a r t i a l l y  oxidized f i l i n g s .  
Spherules  had formed by me l t ing  of the  
A f u r t h e r  run prepared wi th  unoxidized f i l i n g s  and hea ted  f o r  
2 minutes gave r e s u l t s  similar t o  those of the  run he ld  a t  tempera- 
t u r e  f o r  only 30 seconds. The spheru les  and g l a s s  w e r e  then  analyzed 
by the  same methods and s tandards  descr ibed  previous ly .  The N i  
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content  of the metal  i ~ .  the  unoxidized run remained unchanged 
wi th in  the  l i m i t s  of d e t e c t i o n ,  and no Fe w a s  d e t e c t a b l e  i n  the  
s i l i c a  g l a s s .  I n  the  p a r t i a l l y  oxidized run ,  t h e  remaining metal 
w a s  enr iched  i n  N i  ( X i  = 8-10 w t  percent) and t h e  Fe conten t  of t he  
glass ranged from 0 t o  14 w t  percent.  
CONCLUSIONS 
Oxidat ion of Ni-Fe has  been shown t o  e n r i c h  N i  i n  t h e  metal 
phase. The N i  enrichment i n  the  a b l a t i o n  r i m  of t he  Bogou m e t e o r i t e  
is  caused by t h i s  process.  Castaing and Frederiksson (1958) pro- 
posed o x i d a t i o n  t o  account f o r  the  high N i  c o n t e n t s  of some spher- 
l e s  of supposed cosmic o r i g i n .  It is proposed t h a t  t h e  high N i  
content  of spheru les  i n  impact i te  g l a s s ,  as compared wi th  t h a t  of 
the p a r e n t  m e t e o r i t e ,  i s  due t o  l o s s  of t h e  i r o n  component of t he  
a l l o y  by oxidat ion.  The l o s s  of Fe in  t h e  spheru les  wi th  r e s u l t a n t  
enrichment i n  N i  can be accounted f o r  by incorpora t ion  of i r o n  i n  
the  g l a s s .  Spencer (1933) and Taylor  and Kolbe (1965) showed t h a t  
the chemical composition of dark  g l a s s  of  t h e  Wabar and Henbury 
impact i tes ,  r e s p e c t i v e l y ,  corresponds c l o s e l y  t o  t h a t  of t he  rock 
from which the  g l a s s e s  were formed, with the  a d d i t i o n  of Ni-Fe i n  
m e t e o r i t i c  proport ions.  
The N i  enrichment cannot be explained by f r a c t i o n a t i o n  due t o  
p a r i i a l  v a p o r i z a t i o n  o r  mel t ing  of m e t e o r i t i c  metal, as t h i s  demands 
a very narrow range of impact temperatures,  which i s  h ighly  unl ike ly .  
I have considered f o u r  models t o  e x p l a i n  oxida t ion  of metal l ic  
s p h e r u l e s  i n  impact i tes :  
1. Atmospheric ox ida t ion  af ter  the spheru les  were incorporated 
i n t o  the  molten s i l i c a t e  bombs. Had t h i s  occur red ,  then o x i d a t i o n  
would have taken p l a c e  progress ive ly  from t h e  s u r f a c e  of t h e  g l a s s  
inwards. 
deple ted  i n  s p h e r u l e s ,  and t h e  spherules  would be i n c r e a s i n g l y  
r i c h  i n  Fe ( l e s s  oxidized) toward the  c e n t e r  of any given bomb, 
Observation aii(1 ( '  I I ' L  I I o n  microprobe analyses  i n  the  p r e s e n t  s tudy 
The o u t e r  p o r t i o n  of each g l a s s  bomb would be  t o t a l l y  
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have shown t h a t  spheru les  are d i s t r i b u t e d  uniformly throughout each 
bomb and t h a t  t he  N i  conten t  of any spheru le  i s  n o t  r e l a t e d  t o  i t s  
d i s t ance  from the  sur face .  The h e a t i n g  experiments repor ted  he re  
have shown t h a t  1.3 mm of s i l i ca  g l a s s  prevents  atmospheric oxid- 
a t i o n  of Ni-Fe f o r  t i m e s  of a t  least 2 minutes ,  even a t  tempera- 
t u re s  i n  the  v i c i n i t y  of 2 ,OOO"C.  
r e jec ted .  
This  model may t h e r e f o r e  be 
2.  Oxidat ion of t he  sphe ru le s  by CO Any carbonate  p re sen t  
2' 
i n  rock from which the  impac t i t e  bombs formed would decompose a t  
the temperatures which occur du r ing  impact , accord ing  t o  the  s impl i -  
f i e d  reac t ion :  CaMg(C0 ) +Si02=caMgSi 0 K O .  
forms would be incorporated i n t o  t h e  g l a s s .  The Fe i n  the  spheru les  
would s imultaneously be oxidized by t h e  r eac t ion :  Fe+CO2=Fe0+CO. 
Dolomite ( i n  the  Kaibab Limestone) w a s  a v a i l a b l e  f o r  such r e a c t i o n  
a t  Meteor Crater a t  t h e  t i m e  of impact; however, the  rock a t  Wabar 
is almost pure qua r t z  sand. Hence CO may have con t r ibu ted  t o  
oxida t ion  a t  Meteor Crater, b u t  no t  a t  Wabar. 
The d iops ide  melecule which 3 2  2 6  
2 
3. Oxidat ion by H 0 i n  the  rock from which the  impac t i t e s  were 
2 
derived. Ca lcu la t ion  shows t h a t  t o  ox id i ze  s u f f i c i e n t  Fe-Ni by the  
r e a t i o n  Fe+H O=FeO+H t o  e n r i c h  the  g l a s s  by 10 w t  pe rcen t  FeO 2 2 
would r e q u i r e  several w t  pe rcen t  H,O. 
t h a t  a t  least p a r t  of t he  Coconino Sandstone a t  Meteor Crater was  
s a tu ra t ed  w i t h  water a t  the  time of impact (E. M. Shoemaker, o r a l  
c m u n .  , 1966). The impact i te  bombs from Meteor Crater which I 
examined i n  the  p re sen t  s tudy cons i s t ed  p a r t l y  of fused Coconino 
Sandstone, s o  t h a t  t h e  above mechanism may have con t r ibu ted  t o  the  
oxida t ion  of sphe ru le s  there .  The t i m e  of t he  Wabar impact has n o t  been 
e s t ab l i shed ,  b u t  a l l  a v a i l a b l e  evidence i n d i c a t e s  t h a t  t he  c r a t e r  
is of r ecen t  o r ig in .  The m e t e o r i t e  t h e r e f o r e  f e l l  i n  a d e s e r t  
environment, so t h a t  ox ida t ion  of t he  spheru les  by water a t  Wabar 
is dubious. 
Geological  evidence i n d i c a t e s  
c 
4 .  Atmospheric ox ida t ion  of spherules  p r i o r  t u  t i i e i r  i n c o r p -  
o r a t i o n  i n  impact i te  bombs. The spherules  were p a r t i a l l y  oxidized 
i n  the  extremely s h o r t  per iod p r i o r  t o  t h e i r  incorpora t ion  i n  the  
bombs. Upon incorpora t ion  i n t o  the  bombs, t he  FeO s k i n  surrounding 
each spheru le  d i f f u s e d  i n t o  the  g l a s s ,  e n r i c h i n g  i t  i n  F e y  leaving 
a c l e a n  g lass -meta l  i n t e r f a c e .  A l t e r n a t i v e l y ,  t h e  oxida t ion  may 
have occurred subsequent t o  incorpora t ion  i n  the  s i l i c a  m e l t ,  while 
t he  m e l t  w a s  undergoing t u r b u l e n t  flow. The spheru les  could have 
been exposed t o  the  atmosphere dur ing  the flowage. 
The Fe conten t  i n  g l a s s  on two sides of a spheru le  from a Neteor 
Crater impact i te  may d i f f e r  because the unoxidized c o r e  wa5 not 
cen tered  wi th  r e s p e c t  t o  the  spheru le  a s  a whole. Such asymmetric 
co res  have been repor ted  from spherules  of supposed cosmic o r i g i n  
( s e e  F e c h t i g  and Utech, 1964). I consider  t he  f o u r t h  model t o  be 
dominant i n  t h e  o x i d a t i o n  of impact i te  s p h e r u l e s ,  as only  i t  s a t i s -  
f a c t o r i l y  accounts f o r  ox ida t ion  a t  Meteor Crater and Wabar. 
The h igher  N i  conten t  of metal and accompanying higher  Fe 
conten t  of t he  surrounding g l a s s  from the Meteor Crater impact i tes  
with r e s p e c t  t o  the  Wabar impact i tes  i n d i c a t e  t h a t  t h e  Meteor 
Crater material i s  more oxidized. This sugges ts  t h a t  t he  e f f e c t i v e  
f u g a c i t y  of oxygen a t  Meteor Crater was h i g h e r  than t h a t  a t  Wabar 
d u r i n g  t h e  m e t e o r i t i c  explosion,  o r  t h a t  t h e  molten Meteor C r a t e r  
spheru les  were exposed t o  oxida t ion  longer before  they were incorp- 
o r a t e d  i n t o  the  g l a s s  bombs, o r ,  more l i k e l y ,  t h a t  C 0 2  and H20 
a s s i s t e d  o x i d a t i o n  a t  Meteor Crater. 
An enrichment of N i  i n  m e t a l l i c  spherules  from a n  o r i g i n a l  
10 t o  a f i n a l  50 w t  percent  r e q u i r e s  t h a t  f o u r - f i f t h s  of t h e  o r i g -  
i n a l  i r o n  i n  t h e  spheru le  was oxidized and d isso lved  i n  the  g l a s s .  
Spherules  i n  indochin i tes ,  u n l i k e  those i n  impact i te  g l a s s e s ,  
Spherules  have a lower N i  conten t  than almost any i r o n  meteor i te .  
from p h i l i p p i n i t e s  have a lower N i  content  than any repor ted  i r o n  
meteor i te .  
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The Ni-Fe r a t i o  of m e t a l  i n  spheru les  from p h i l i p p i n i t e s  may 
be low because the r a t i o  i n  the  m e t a l l i c  p o r t i o n  of the  me teo r i t e  
which formed them was low. An a l t e r n a t i v e  hypothes is  compatible 
with the above d i scuss ion  is t h a t  t he  t e k t i t e s  and sphe ru le s  
were formed i n  a reducing environment such t h a t  l i q u i d  Fe w a s  
exsolved from the s i l i c a t e  m e l t  which formed the  t e k t i t e s ,  and 
incorporated i n t o  the spheru les  der ived  from the  pa ren t  m e t e o r i t e ,  
thus d i l u t i n g  t h e i r  N i  content .  Reid, Park,  and Cohen (1964) have 
shown t h a t  metall ic Fe separates from a t e k t i t e  m e l t  a t  h igh  temp- 
e r a t u r e s  under reducing condi t ions .  
Unlike the impact i te  g l a s s e s  which con ta in  sphe ru le s ,  t e k t i t e  
g l a s ses  conta in ing  spheru les  are no r i c h e r  i n  Fe than  those f r e e  
of spherules .  The above f a c t s  suggest  t h a t  m e t a l l i c  spheru les  i n  
t e k t i t e s  d id  not  oxidize.  The sphe ru le s  and t e k t i t e  g l a s s  were 
formed i n  an environment i n  which the  f u g a c i t y  of oxygen w a s  SO 
low t h a t  the r e a c t i o n  Ni-Fe a l l o y  + oxygen + G s t i t e  + Ni-r ich  
a l l o y  w a s  p rohib i ted .  This  low oxygen f u g a c i t y  dur ing  t e k t i t e  
formation i s  compatible wi th  the  r e s u l t s  of Rost (1964) ,  who found 
a t o t a l  p ressure  corresponding t o  only  35 mm Hg i n  an  undamaged 
moldavite bubble,  and those of Thorpe, S e n f t l e ,  and C u t t i t t a  (1963) ,  
and Walter and Carron (1964) ,  who suggested t h a t  t e k t i t e s  may have 
formed under reducing cond i t ions  on the  b a s i s  of Fe+2/Fe+3 r a t i o s  
in  t e k t i t e  g lasses .  
(1962) ,  and Zghringer (1963) a l s o  found low gas p re s su res  i n s i d e  
t e k t i t e  bubbles. Such low f u g a c i t i e s  perhaps occur i n  the  c e n t e r  
of an explos ion  caused by m e t e o r i t i c  impact wi th  the  e a r t h  (Vand, 
1965), bu t  on the b a s i s  of p re sen t  evidence the  t e k t i t e s  may equa l ly  
w e l l  have been formed i n  a n  e x t r a t e r r e s t r i a l  environment i n  which 
oxygen f u g a c i t i e s  were low. A less l i k e l y  a l t e r n a t i v e  i s  t h a t  the  
spherules  may have been formed i n  an  environment wi th  high oxygen 
f u g a c i t y  but  were incorporated i n t o  the  g l a s s  almost ins tan taneous ly  
so t h a t  no ox ida t ion  could occur. I f  ox ida t ion  of Ni-Fe spheru les  
can be e f f e c t e d  by C 0 2 ,  H 0 ,  and a i r  as suggested ear l ier ,  then  i t  
fol lows t h a t  the  material  from which t e k t i t e s  w e r e  formed contained 
l i t t l e  carbonate  and water. 
Suess  (1951),  O'Keefe, Dunning, and Lowman 
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MARTHA'S VINEYARD AND SELECTED GEORGIA TEKTITES : 
NEW CHEMICAL DATA 
2 1 1 
By F. C u t t i t t a , '  R. S. Clarke Jr.,  M. K. Carron, and C. S. Anne11 
INTRODUCTION 
P a r t  I of the  sys temat ic  i nves t iga t ion  of t e k t i t e s  undertaken 
by the  Branch of Astrogeology, U.S. Geological Survey, on behalf  of 
the Nat iona l  Aeronautics and Space Adminis t ra t ion is  concerned wi th  
the  34 mi l l ion-year -o ld  Texas t e k t i t e s  o r  b e d i a s i t e s  (Chao and o t h e r s ,  
1961a, b ;  C u t t i t t a  and o t h e r s ,  1961, 1962, 1963; Chao, 1963). This  
r e p o r t  p re sen t s  r e s u l t s  of a s tudy of t e k t i t e s  found i n  Dodge County, 
G a . ,  and Martha's Vineyard, Mass. The s tudy  w a s  undertaken i n  
c o l l a b o r a t i o n  wi th  the  U. S. Nat iona l  Museum. The t e k t i t e s  s tud ied  
have a potassium-argon age of 34 * 1 mi l l ion  yea r s  (Z ih r inge r ,  1963). 
The age of the  Georgia t e k t i t e s  and t h e i r  occurrence i n  sand, c layey  
sand, and g rave l  of probable  Pl iocene o r  P le i s tocene  age,  which 
uncmfornably  cverlle o l d e r  T e r t i a r y  rocks,  suggest that they w e r e  
eroded and t ranspor ted  from o l d e r  s t r a t i g r a p h i c  u n i t s  (King, 1964). 
The Martha's  Vineyard t e k t i t e  and seven Georgia t e k t i t e s  were 
s e l e c t e d  f o r  s tudy ,  t h e  la t ter  t o  approximately r ep resen t  t h e  e n t i r e  
range of s p e c i f i c  g r a v i t i e s  exh ib i t ed  by the 21 Georgia t e k t i t e  
specimens i n  the  U.S. Nat ional  Museum. Major element ana lyses  of 
t h r e e  randomly s e l e c t e d  Georgia t e k t i t e s  and the  Martha's  Vineyard 
t e k t i t e  have been repor ted  by Clarke and Carron (1961) and King 
(1962, 1964, 1966). However, monitored a n a l y t i c a l  d a t a  f o r  t he  
prev ious ly  analyzed Georgia t e k t i t e  USNM-1396 and Martha 's  Vineyard 
t e k t i t e  USNM-2082 (Clarke  and Carron, 1961) are p e r t i n e n t  t o  a 
comparison wi th  the  b e d i a s i t e s  and, as a consequence, t h e i r  major 
element composition w a s  reanalyzed using a monitored scheme of 
h igh-prec is ion  semimicro a n a l y t i c a l  techniques. New major- and 
U. S. Geological Survey, Washington, D. C. 
U. S. Nat ional  Museum, Washington, D. C. 
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minor-element d a t a  f o r  the seven s e l e c t e d  Georgia and the  Martha 's  
Vineyard t e k t i t e s  are presented i n  t a b l e s  1 and 2. 
MAJOR ELEMENTS 
The Martha's  Vineyard and the  s e l e c t e d  Georgia t e k t i t e s  show 
physical  c h a r a c t e r i s t i c s  and v a r i a t i o n s  i n  chemical composition 
similar t o  those of b e d i a s i t e s .  These chemical v a r i a t i o n s  are 
b r i e f l y  d iscussed  p r imar i ly  on the  b a s i s  of a comparison ( t a b l e  
1 and f i g .  1) of the new composi t ional  d a t a  wi th  p rev ious ly  presented  
b e d i a s i t e  ana lyses  ( C u t t i t t a  and o t h e r s  , 1962) because the  new 
chemical d a t a  s t r o n g l y  suggest  a s i n g l e  assemblage f o r  t he  Texas,  
Georgia, and Martha's  Vineyard t e k t i t e s .  Many i n v e s t i g a t o r s  have 
demonstrated the  sys temat ic  r e l a t i o n s h i p  of phys i ca l  p r o p e r t i e s  of 
t e k t i t e s  with composition. P r e c i s e  de te rmina t ions  show t h a t  t he  
s p e c i f i c  g r a v i t i e s  of the  Georgia and Martha's  Vineyard t e k t i t e s  
range from 2.303 t o  2.341, which r e f l e c t s  t h e i r  r e l a t i v e l y  r e s t r i c t e d  
compositional range as compared w i t h  the  b e d i a s i t e s  whose s p e c i f i c  
g rav i ty  range i s  2.336 t o  2.416. 
S i l i c a  ana lyses  f o r  these  newly analyzed t e k t i t e s  range from 
7 9 . 8  t o  83.6 w t  percent .  These va lues  are the  h i g h e s t  repor ted  f o r  
t e k t i t e s  and are equaled a t  the  lower end of t he  exh ib i t ed  range 
only by a few h i g h - s i l i c a  b e d i a s i t e s  and s t i l l  fewer moldavites.  
The combined composi t ional  d a t a  ( t a b l e  1) f o r  t he  North American 
t e k t i t e s  show a continuous range of v a r i a t i o n  f o r  S i 0  
7 1  t o  84 w t  percent )  , A1203 (9.5 t o  17.6 w t  p e r c e n t ) ,  T i 0 2  (0.42 t o  
1.05 w t  pe rcen t ) ,  and FeO (1 .8  t o  5.3 w t  percent ) .  The c o n t i n u i t y  
in  composi t ional  v a r i a t i o n  shown i n  t a b l e  1 and f i g u r e  1 f o r  
S i 0 2 ,  A1203, FeO, and T i 0  coupled wi th  t h e i r  low MgO, C a O ,  N a  0 ,  
and K 0 content  s t r o n g l y  sugges t  a common family grouping ( s i n g l e  
assemblage) f o r  a l l  the  North American t e k t i t e s .  P l o t t e d  composi- 
t i o n a l  d a t a  f o r  t h e  North American family of t e k t i t e s  show t h a t  
s i l i c a  has a negat ive  c o r r e l a t i o n  wi th  s p e c i f i c  g r a v i t y ,  A1203, FeO 
( f i g . . 2 ) ,  T i 0  Fe 0 /FeO, Cu, G a  ( f i g .  4 ) ,  C s ,  L i ,  C r y  Co ( f i g .  5 ) ,  
(approx. 2 
2 2 
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N i ,  V ,  Sc ,  Z r ,  C r / N i ,  and FefNi. A few t y p i c a l  p l o t s  are shown 
i n  f i g u r e s  2-5. S i l i c a  shows a pos i t i ve  c o r r e l a t i o n  wi th  K 0 ,  Rb, 2 
S r ,  K O / T i O  ( f i g .  3 ) ,  and K 2 0 / N a  0. A p o s i t i v e  c o r r e l a t i o n  a l s o  
2 2 2 
e x i s t s  between K and Rb and Mg and L i ,  r e f l e c t i n g  e i t h e r  the  e f f e c t s  
of gene t i c  processes  o r  t h e i r  chemical coherence. 
The s ign i f i cance  and q u a n t i t a t i v e  a s p e c t s  of t hese  c o r r e l a t i o n s  
r e f l e c t i n g  the e f f e c t s  of a closed system are s t i l l  being s tud ied  
and eva lua ted  s t a t i s t i c a l l y  (Miesch and o t h e r s ,  1965). Therefore ,  
any d e t a i l e d  d i scuss ion  of t h e i r  impl ica t ions  would be premature 
and w i l l  be held i n  abeyance u n t i l  the s ta t i s t ica l  eva lua t ion  has  
been completed. However, p re l iminary  r e s u l t s  of t h i s  s t a t i s t i c a l  
a n a l y s i s  s t rong ly  support  d i f f e r e n t i a l  f r a c t i o n a t i o n  as one of the  
major geologic  f a c t o r s  a f f e c t i n g  chemical v a r i a t i o n s  i n  t e k t i t e s .  
The c h a r a c t e r i s t i c s  and composi t ional  v a r i a t i o n s  of North American 
t e k t i t e s  suggest  a s e l e c t i v e  l o s s  of a l k a l i e s  due t o  d i f f e r e n t i a l  
v o l a t i l i z a t i o n  under reducing o r  nonoxidizing condi t ions .  
cond i t ions  are r e f l e c t e d  i n  the  low f e r r i c - f e r r o u s  r a t i o s  char-  
a c t e r i z i n g  the  North American t e k t i t e s  ( C u t t i t t a  and o t h e r s ,  1962; 
Thorpe and o t h e r s ,  1963). I n  summation, t h e  North American t e k t i t e s  
could have been der ived  from f e l s i c  igneous rocks as a r e s u l t  of 
fu s ion  and loss of a l k a l i e s  by d i f f e r e n t i a l  v o l a t i l i z a t i o n .  
These 
MINOR ELEMENTS 
Re l i ab le  d a t a  on the  trace elements i n  the  Georgia and Martha's  
Vineyard t e k t i t e s  were v i r t u a l l y  nonexis tant .  Twenty-one t r a c e  
elements (Ag, B y  Bay B e ,  Coy C r y  C s ,  Cu, G a ,  La,  Li, Mn, Nb, N i ,  Pb, 
Rb, Sc ,  S r ,  V ,  Y ,  and Z r )  were determined by monitored q u a n t i t a t i v e  
spec t rographic  methods. Au, B i ,  Cd, Ge, I n ,  Ir,  Mo, P t ,  Sb, Sn, 
T i ,  U ,  W ,  and Zn were looked f o r  bu t  not found. I f  p r e s e n t ,  they 
were i n  amounts below the s e n s i t i v i t y  l i m i t s  of the methods used. 
These new minor-element d a t a  combined with p rev ious ly  repor ted  
b e d i a s i t e  d a t a  ( C u t t i t t a  and o t h e r s ,  1962) are presented  i n  t a b l e  
2. The minor element d a t a  of Georgia t e k t i t e s  c l o s e l y  resemble 
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those of t he  b e d i a s i t e s :  ranges i n  abundance e i t h e r  over lap  and 
lack d i sce rnab le  t rend o r  show d i s t i n c t  t rends  i n  t h e i r  v a r i a t i o n  
(Cu,  G a ,  C s ,  Rb, L i ,  C r ,  Co, N i ,  V ,  Sc, C r / N i ,  and Fe/Ni). 
SIGNIFICANCE 
The major and minor element composition of the newly analyzed 
Georgia and Martha's  Vineyard t e k t i t e s  i s  almost i d e n t i c a l  wi th  
t h a t  of s i l i c a - r i c h  b e d i a s i t e s .  Cont inui ty  of t he  composi t ional  d a t a  
f o r  the combined North American t e k t i t e s  ( t a b l e  1, f i g .  1 ) ,  i d e n t i c a l  
potassium-argon ages of 34 f 1 m i l l i o n  yea r s ,  and t h e i r  gene ra l  geo- 
graphic a s s o c i a t i o n  s t r o n g l y  sugges t  (1)  t h a t  t h e  Georgia and Martha 's  
Vineyard t e k t i t e s  r ep resen t  t he  h i g h - s i l i c a  end-members of t he  range 
of composi t ional  v a r i a t i o n s  exh ib i t ed  by the  North American t e k t i t e  
family,  and (2 ) ,  a common o r i g i n  both by event  and pa ren t  body f o r  
the Texas, Georgia, and Martha's  Vineyard t e k t i t e s .  These n a t u r a l  
g l a s ses  could have r e s u l t e d  from f u s i o n  of an  unknown t a r g e t  area by 
me teo r i t i c  impact; t he  g l a s s e s  may r ep resen t  crater ejecta d i s t r i -  
buted i n  a s t rewnf ie ld .  
i n t o  a s i n g l e  assemblage has  a l s o  been suggested by King (1966).  
The grouping of t he  Texas and Georgia t e k t i t e s  
The chemical c h a r a c t e r i s t i c s  of the  North American fami ly  of 
1 t e k t i t e s  are: 
~ 
1. They have a continuous range of v a r i a t i o n  ( i n  w t  percent )  
fo r  S i 0  (71.9-83.6) , A 1  0 (9.5-17.6) ,  FeO (1 .8-5 .3) ,  and T i 0 2  
, 2 2 3  
(0.42-1.05) ; are low i n  MgO, C a O ,  and a l k a l i e s  wi th  K 0 g r e a t e r  than 
Na 0 and an  MgO/CaO r a t i o  approaching u n i t y ;  and have a very  low 
water conten t  (<0.02 percent ) .  
2 
2 
2 .  Thei r  compositional d a t a  show a p o s i t i v e  c o r r e l a t i o n  of 
K 2 0 / N a  0 and K O / T i O  
2 2 2 
d i f f e r e n t i a l  v o l a t i l i z a t i o n .  
r a t i o s  t o  s i l i c a ,  r e f l e c t i n g  the  e f f e c t s  of 
I 
3. V i r t u a l l y  a l l  t h e i r  i r o n  conten t  i s  i n  the  f e r r o u s  s t a t e  
with a c h a r a c t e r i s t i c  low f e r r i c - f e r r o u s  i r o n  r a t i o  ranging from 
<0.001 t o  0.101 and averaging 0.040. These low i r o n - r a t i o  d a t a  
suggest  t h a t  these  t e k t i t e s  have been heated t o  a very  high temp- 
e r a t u r e  under reducing o r  nonoxidizing condi t ions .  
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4.  North American t e k t i t e s  exh ib i t  gene ra l ly  comparable minor 
element abundances ( t a b l e  2) which show e i t h e r  r e s t r i c t e d  unconform- 
ing ranges o r  ranges e x h i b i t i n g  negative c o r r e l a t i o n s  t o  s i l i c a  
(Cu, Gay Rb, C s ,  L i ,  C r y  Co, N i ,  V ,  Sc, Z r ,  C r / N i ,  and Fe/Ni) 
which r e f l e c t  the e f f e c t s  of formative processes .  
5. These new chemical d a t a  f o r  the North American t e k t i t e s  
a r e  cons is  t e n t  with the prev ious ly  reported i n t e r p r e t a t i o n  
( C u t t i t t a  and o t h e r s ,  1962; Chao, 1963) t h a t  they have been der ived  
from s i l i c e o u s  igneous rocks as a resu l t  of fu s ion  and d i f f e r e n t i a l  
vo la t  i 1 i z a  t ion. 
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THE OCCURRENCE AND O R I G I N  OF LAMELLAR TROILITE 
I N  I R O N  METEORITES 
1 2 
By Robin Bret t  and E. P. Henderson 
INTRODUCTION 
Oriented lamellae of t r o i l i t e  (FeS) i n  i r o n  me teo r i t e s  were 
f i r s t  descr ibed  by von Reichenback (1861a, b) and were named a f t e r  
him by Brezina (1882). Since t h e i r  discovery,  lamellae descr ibed  
as Reichenback lamellae have been noted i n  a t  least 33 meteor i tes .  
Reichenback lamellae were def ined  by Brezina as t r o i l i t e  p l a t e s  
o r i en ted  paral le l  t o  the  cube p lanes  of i ron.  With t i m e ,  t he  usage 
has  broadened t o  the e x t e n t  t h a t  some authors  have termed a l l  elong- 
a t ed  t r o i l i t e  bodies i n  i r o n  meteor i tes  Reichenbach lamellae, while  
o t h e r s  have used the  term t o  desc r ibe  o r i en ted  bodies  o the r  than 
t r o i l i t e .  
The purpose of t he  p re sen t  s tudy  is t o  examine the  occurrence 
of t r o i l i t e  lamellae and t o  specu la t e  on t h e i r  o r ig in .  
PREVIOUS WORK 
Although the re  have been many d e s c r i p t i o n s  of Reichenbach 
lamellae i n  the  l i t e r a t u r e ,  i d e n t i f i c a t i o n  has  been v i s u a l  wi thout  
suppor t ing  chemical o r  X-ray d i f f r a c t i o n  methods. 
of Reichenbach lamellae has broadened over the  yea r s ,  so  t h a t  i t  
has become v i r t u a l l y  meaningless. For  example, i n  d e s c r i b i n g  
s c h r e i b e r s i t e  [ (Fe ,  N i )  P] lamellae i n  the  Gibeon me teo r i t e ,  
Cohen (1900) i n c o r r e c t l y  s t a t e d ,  "This i s  perhaps one of the  so- 
c a l l e d  Reichenback lamellae; t h a t  is t o  s ay ,  i t  l i e s  poss ib ly  
p a r a l l e l  t o  a cube face. ' '  
The d e f i n i t i o n  
3 
'U. S. Geological  Survey. 
U. S. Nat ional  Museum. 2 
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According t o  most d e s c r i p t i o n s ,  Reichenbach lamellae are long- 
e r  than they are wide ( 2  cm x 0.1  m are t y p i c a l  dimensions). 
Recently, however, some authors  ( e . g . ,  Spencer ,  1951) have repor ted  
Reichenbach lamellae up t o  several mill imeters wide and about  a 
cent imeter  long. 
Many accounts s ta te  t h a t  t he  lamellae are c r y s t a l l o g r a p h i c a l l y  
or ien ted  on planes comprising e i t h e r  the  [OlO] o r  { O l l }  forms wi th  
respec t  t o  the  o r i e n t a t i o n  of t a e n i t e  (y-Fe, N i )  i n  the  Widmanstgtten 
texture .  Spencer (1951) pointed o u t  t h a t  t r o i l i t e  lamellae i n  meteor- 
i t e s  are o r i en ted  on {Oil] and poss ib ly  [OlO] and {211]. It  is  
noteworthy t h a t  s c h r e i b e r s i t e  lamellae occur  on a l l  the  above p l anes ,  
and more (Spencer,  1951). 
In  view of the  confusion i n  the  l i t e r a t u r e  over t he  d e f i n i t i o n  
of Reichenbach lamellae, and the  l ack  of r i g o r  i n  the  i d e n t i f i c a t i o n ,  
we regarded previous i d e n t i f i c a t i o n s  wi th  suspicion.  
METHODS 
Specimens of most i r o n  me teo r i t e s  i n  the  U.S. Nat iona l  Museum 
c o l l e c t i o n  were examined f o r  t r o i l i t e  lamellae. P a r t i c u l a r  a t t e n -  
t i o n  was paid t o  those me teo r i t e s  i n  which previous workers repor ted  
these lamellae. Pol ished f aces  of me teo r i t e s  were f i r s t  examined 
under a binocular  microscope, then lamellar s t r u c t u r e s  resembling 
t r o i l i t e  were examined by r e f l e c t e d - l i g h t  microscopy, by t r e a t i n g  
the powdered material wi th  a magnet, and by determining i f  t he  
powder e f fe rvesced  i n  1:l HC1. T r o i l i t e ,  un l ike  coheni te  [ (Fe ,  
N i )  C ]  and s c h r e i b e r s i t e ,  wi th  which i t  may poss ib ly  be confused, 
is  nonmagnetic and is  r e a d i l y  a t tacked  by HC1. The above methods 
were s u f f i c i e n t  t o  i d e n t i f y  the  lamellar material i n  most of the  
meteor i tes  examined. I f  any doubt remained a f t e r  such examination, 
the material w a s  examined by X-ray powder d i f f r a c t i o n  us ing  Fe KCY 
rad i a t  ion. 
3 
The i r o n  meteor i tes  l i s t e d  i n  table 1 have previous ly  been 
reported t o  conta in  Reichenbach lamellae. Of t h e  m e t e o r i t e s  l i s t e d  
i n  t a b l e  1, only Ilimaes, Moorumbunna, and Junca l  were unavai lab le  
f o r  s tudy,  Of the  m e t e o r i t e s  s t u d i e d ,  those i n  t a b l e  2 were found 
t o  c o n t a i n  lamellar t r o i l i t e  bodies t h a t  resemble Reichenbach 
lamellae photographed and descr ibed by previous workers. 
n o t  be assumed t h a t  t h e  meteor i tes  l i s t e d  i n  t a b l e  1 i n  which w e  
f a i l e d  t o  f i n d  t h i s  h a b i t  of t r o i l i t e  n e c e s s a r i l y  c o n t a i n  no lamellae. 
It must 
Table 1. --Meteori tes  previously repor ted  t o  c o n t a i n  
"Reichenbach" lamellae 
1 Bar t l e  t t Duel H i l l  (1854) Moorumbunna 
Bear Creek Gibeon P rambana 2 
L Breece 
B r i s t o l  
Cabin Creek 
Cape York 
C a r i t o n  
C h a r l o t t e  
Cleveland 
Coahuila 
Drum M t s .  
3 
3 
3 
3 
Henbury 
I 1 imae s 
Joe  Wright 
Junca l  
Kyancutta 
La Cai l le  
Lenar t o 
Maria Elena 
3 Me rced i t as 
1 
1 
3 
R u f f ' s  M t .  
S taunton 
Thule 
Thunda 
Tocopi i ia  
Trenton 
V i c t o r i a  West 
Walker Co. 
Yanhu i t l a n  
2 
3 
Not a v a i l a b l e  f o r  study. 
No t r o i l i t e  seen i n  p r e s e n t  study; narrow s c h r e i b e r s i t e  lamellae 
No t r o i l i t e  seen i n  p r e s e n t  study. 
1 
2 
3 
presen t .  
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P r i o r  (1953) ,  wi th  the except ion of the d a t a  f o r  Bart le t t  and Wiley, 
which were determined i n  the p re sen t  s tudy]  
Meteori te  Inc lus ions :  Oriented Swathinq Type Bulk N i  Avg N i  
Type 1 Type 2 kamacite ( w t  per- con ten t  
(narrow) (wide) of class cen t )  -
Bart l e t  t 
Bacubi r i to  
Cape York 
C leve land 
Coahu i l a  
D r u m  M t s .  
Duel H i l l  
(1854) 
Gibeon 
Henbury 
Joe Wright 
Kyancu t t a  
Lenarto 
Maria Elena 
Monohans 
Nordhe i m  
S taunton 
Thule 
Thunda 
T lac0 tepec 
Tocopi l la  
Walker Co. 
Wiley 
Yanhuit l a n  
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X X 
X 
X 
X 
X 
X 
X 
X 
X X 
X 
X X 
X 
X 
X X 
Off 
om 
om 
H 
om 
Of 
O f  
om 
om 
om 
om 
O f  
Atax 
Atax 
om 
08 
om 
Atax 
H 
H 
Atax 
Of 
O f f  = very  f i n e  oc t ahedr i t e .  
O f  = f i n e  oc t ahedr i t e .  H 
og = coarse 
13.0 
8.3 
8 .3  
5 .6  
8.3 
9 . 1  
9 . 1  
8 .3  
8.3 
8.3 
8.3 
9 . 1  
8.3 
6.8 
8.3 
5 .6  
5.3 
1 1 . 7  
7*4 
8.9 
9.4 
8.0 
8. 1 
5 .6  
8 .6  
9.8 
8 .0  
7.3 
7.5 
7.3 
8. 6 
7 . 7  
10.9 
11 .7  
8.0 
8.1 
8.5 
16.2 
5.4 
5.6 
9 . 1  
I 
oc tahedr  i te .  
= hexahed r i te. 
Om = medium oc tahedr i t e .  Atax = a t a x i t e .  
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RESULTS 
1 Two main types of t r o i l i t e  bodies which may be c a l l e d  lamellae 
were seen  i n  an examination of the specimens. 
Type 1 Lamellae 
The f i r s t  group c o n s i s t s  of h a i r l i n e  cracks i n  the  m e t a l ,  
f i l l e d  wi th  t r o i l i t e ,  as much as 6 cm long and 0.1 t o  0.2 mm wide 
( f i g s .  1, 2). Most of t he  lamellae are  about  2 cm long. Few of 
t h e  lamellae are s t r a i g h t ,  even t o  the naked eye; some curve and 
branch (e. g. , Drum M t s .  , Cleveland). Table 2 l ists  the  me teo r i t e s  
which con ta in  narrow lamellae of t h i s  type. These bodies were 
found i n  Bacubi r i to ,  Monahans, Nordheim, and Wiley, a l though they 
were not  repor ted  by previous inves t iga to r s .  
The boundaries of t he  lamellae are commonly i r r e g u l a r ,  and i n  
some ins t ances  oppos i te  s i d e s  match one another .  I n  Drum M t s .  and 
Staunton some f r a c t u r e s  f i l l e d  w i t h  t r o i l i t e  connect a series of 
nea r ly  s p h e r i c a l  t r o i l i t e  bodies ,  w i t h  a diameter  up t o  4 mm i n  such 
a way t h a t  the  s t r u c t u r e  resembles a s t r i n g  of beads. Some of the  
f i l l e d  f r a c t u r e s  terminate  i n  s i m i l a r  t r o i l i t e  b l ebs  ( f i g .  1). I n  
Thule t h e  lamellae are f r equen t ly  discont inuous and pinch and s w e l l  
and occur en  echelon. 
In Staunton the  lamellae are s t rong ly  o r i en ted  i n  two d i r e c t t o n s ,  
probably on {Oil]. 
o r i e n t a t i o n .  I n  D r u m  M t s .  and i n  some o t h e r  me teo r i t e s  conta in ing  
such bodies ,  l i t t l e  o r i e n t a t i o n  was evident  ( f i g .  l), and commonly 
too few t r o i l i t e  bodies were p re sen t  to determine o r i e n t a t i o n .  
Spencer (1951) l i s t e d  some examples of o r i e n t e d  t r o i l i t e  bodies i n  
i r o n  me teo r i t e s  b u t  s t a t e d  t h a t  they a re  very  uncommon. 
Lamellae i n  Duel Hill a l s o  show pronounced 
Most me teo r i t e s  conta in ing  such narrow t r o i l i t e  bodies have 
narrow kamacite (w-Fey N i )  rims (swathing kamacite) surrounding the  
I n  t h i s  work, "lamella" r e f e r s  to  any body shaped l i k e  a t h i n  1 
p l a t e ;  t he  d e f i n i t i o n  con ta ins  no connotat ions of o r i e n t a t i o n ,  o r  
r e g u l a r i t y  of t he  w a l l s .  
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Figure 1.--Section of D r u m  Mts. , showing narrow, i r r e g u l a r  type 1 
t r o i l i t e  lamellae (dark  h a i r l i k e  l i n e s ) ,  l a rge ly  oxidized to  
magnetite. 
The dark inc lus ions  are t r o i l i t e  nodules. 
black veins  m y  have been t r o i l i t e  t h a t  w a s  oxidized t o  magnetite 
and hydrous i ron  
by ab la t ion  (Henderson and Perry, 1948). 
Note t h a t  some lamellae terminate  i n  t r o i l i t e  blebs. 
The wide i r r e g u l a r  
oxides,  o r  may be oxida t ion  f r a c t u r e s  formed 
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Figure 2.--Type 1 t r o i l i t e  lamella i n  Wiley. Note swathing kama- 
c i te .  N i t a l  etch.  Photograph by John Tennant, U.S. National 
Museum. 
t r o i l i t e .  
across  the  t r o i l i t e ;  thus,  growth of kamacite took p lade  independ- 
e n t l y  on both  s i d e s  of t h e  f r a c t u r e s .  I n  many examples, the  o r i e n t a -  
t i o n  of the  Widmanstgtten lamellae is l o c a l l y  d i sp l aced  a few degreea 
across  t h e  lamellae ( f i g .  1). 
The Widmanstgtten t e x t u r e  commonly is not  cont inuous 
The lamellae are dominantly t r o i l i t e  w i th  uniform c r y s t a l l o -  
graphic o r i e n t a t i o n ,  as shown by t h e  uniform o r i e n t a t i o n  of twin 
lamellae w i t h i n  t h e  t r o i l i t e .  Daubree l i t e  (FeCr S ) ,  both i n  
o r i en ted  lamellae and as rare i r r e g u l a r  masses, commonly occurs  
wi th in  t h e  t r o i l i t e .  The t e x t u r e s  are h igh ly  sugges t ive  of exsolu-  
t i o n  of d a u b r e e l i t e  from t r o i l i t e ,  The i d e n t i f i c a t i o n  of d a u b r e e l i t e  
&.om the Cape York specimen w a s  checked both by e l e c t r o n  microprobe 
a n a l y s i s  (K. Fredr iksson ,  o r a l  commun.) and by X-ray d i f f r a c t i o n  
methods. 
2 4  
I n  the  Cape York i r o n ,  many t r o i l i t e  bodies  te rmina te  so t h a t  
t h e  d a u b r e e l i t e  lamellae p r o j e c t  i n t o  the kamaci te ,  as shown by 
k l  Goresy (1965, f i g .  25). E l  Goresy suggested t h a t  the  d a u b r e e l i t e  
p r o j e c t i o n s  are due t o  s e l e c t i v e  replacement of t r o i l i t e  by kamacite; 
nowever they may e q u a l l y  w e l l  r e p r e s e n t  n u c l e a t i o n  of d a u b r e e l i t e  
,in i r r e g u l a r i t i e s  w i t h i n  a f r a c t u r e .  
of t r o i l i t e  was seen  i n  d a u b r e e l i t e .  
One appa ren t  e x s o l u t i o n  lamella 
S c h r e i b e r s i t e  conrmonly occurs  as noncontinuous bodies  a long  
t h e  con tac t  between kamacite and t r o i l i t e .  These bodies  occur both 
p a r a l l e l  t o  t h e  f r a c t u r e  walls and as i r r e g u l a r  masses w i t h i n  kamar 
c i t e ,  a b u t t i n g  on the  t r o i l i t e .  F r a c t u r e s  con ta in ing  t r o i l i t e  
conrmonly te rmina te  i n  i r r e g u l a r  s c h r e i b e r s  ite bodies  up t o  several 
millimeters i n  diameter. 
Type 1 t r o i l i t e  lamellae ox id ize  ve ry  r e a d i l y  t o  magnet i te  
and l imonite.  U n o x i d i z d  lamellae are hard t o  f ind .  S c h r e i b e r s i t e  
i n  the lamellae appears  t o  be most r e s i s t a n t  t o  ox ida t ion ,  followed 
by d a u b r e e l i t e ,  then t r o i l i t e ,  The t r o i l i t e  i n  the  lamellae 
bxid izes  much f a s t e r  than  t r o i l i t e  i n  the  more common s u l f i d e  
nodules found 2n i r o n  meteor i tes .  We suspected t h a t  t h i s  r ap id  
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ox ida t ion  could be caused by lawrenci te  (FeC1 ) a long  the lamel lae ,  
bu t  s emiquan t i t a t ive  e l e c t r o n  microprobe a n a l y s i s  f a i l e d  t o  d i s c l o s e  
s i g n i f i c a n t  ch lo r ine  ( K .  F redr iksson ,  oral commun. ). Another 
p o s s i b i l i t y  i s  t h a t  t he  l a rge  s u r f a c e  a rea  between t r o i l i t e  and metal 
i n  the type 1 lamellae g r e a t l y  a i d s  oxidation. 
2 
Type 2 Lamellae 
Members of the  second group of elongated t r o i l i t e  bodies  ( t y p e  
2 ,  t a b l e  2) are wider than those descr ibed above. They occur i n  
e longated masses ranging from 2 c m  long and 3 mm wide t o  5 mm long 
and 2 mm wide. These lamellae were found i n  Tlacotepec i n  a d d i t i o n  
t o  those  me teo r i t e s  i n  which they have been descr ibed.  I n  s e v e r a l  
of the me teo r i t e s  which con ta in  them there is  a g rada t ion  i n  shape 
from round blebs t o  e l l i p s o i d s  t o  the  p l a t e l i k e  masses descr ibed  
above. Boundaries of these  bodies  a r e  c m o n l y  ragged and i r r e g u l a r  
on a microsca le ,  and no p re fe r r ed  o r i e n t a t i o n  is  ev ident .  The 
Widmanstgtten t e x t u r e  i s  cont inous across the lamellae. 
The mineralogy of type 2 lamellae is s imilar  t o  t h a t  of type 
1, namely t r o i l i t e  with or i en ted  lmel lae  of d a u b r e e l i t e  ( s e e  Heide 
and o t h e r s ,  1932, f i g .  2 ) .  Addi t iona l  minera ls  are g r a p h i t e  and 
rare s i l i ca te  g r a i n s  , with  chromite i n  Tocopi l la .  S c h r e i b e r s i t e  
masses a t  t r o i l i t e  borders  are commonly absen t ,  as is  swathing 
kamacite. Small kamacite g r a i n s  intermixed wi th  the  t r o i l i t e  
are common around the  borders ,  expec ia l ly  i n  Tocop i l l a ,  Maria Elena,  
Henbury, and Gibeon. Heide and o t h e r s  (1932) descr ibed  an  extremely 
f i n e  grained e u t e c t i c l i k e  t e x t u r e  between kamacite and t r o i l i t e  a t  
the  boundaries  of t he  t r o i l i t e  inc lus ions  i n  Tocopi l la .  Type 2 
lamellae are much more r e s i s t a n t  t o  oxida t ion  than type 1. 
Table 2 i n d i c a t e s  t h a t  type 1 and type 2 lamellae are mutual ly  
exc lus ive .  This may be a sampling d i f f i c u l t y  r a t h e r  than r ep resen t ing  
a real r e l a t ionsh ip .  
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ORIGIN OF TROILITE LAMELLAE I N  METEORITES 
Previous Work 
Severa l  o r i g i n s  have been proposed f o r  Reichenbach lamellae. 
Rinne (1910) s t a t e d  t h a t  the  elongated inc lus ions  i n  Gibeon are 
m e l t  formed. Per ry  (1944) suggested t h a t  Reichenbach lamellae crys-  
t a l l i z e d  from a melt  along c rys t a l log raph ic  planes i n  6-Fe. The 6 phase 
does not  occur i n  Fe-Ni a l l o y s  conta in ing  more than 5.2 a t .  pe rcen t  
N i  ( H e l l a w e l l  and Hume-Rothery, 1957),  and s m a l l  amounts of P,  S ,  
o r  C do not  s i g n i f i c a n t l y  s t a b i l i z e  the  phase (Hansen and Anderko, 
1958). Therefore ,  the 6 phase could only  have e x i s t e d  i n  a very  
few me teo r i t e s  wi th  extremely l o w  N i  contents .  
Edwards ( 1946) proposed t h a t  the  t r o i l i t e  of Reichenbach 
lamellae separated from the  n i c k e l - i r o n  i n  t h e  s o l i d  state.  Vogel 
(1945) was unable t o  exsolve t r o i l i t e  from i r o n  and s t a t e d ,  accord- 
ingly,  t h a t  a l l  t r o i l i t e  i n  i r o n  me teo r i t e s  formed by c r y s t a l l i z a -  
t ion  from the  m e l t .  H e  explained the  formation of Reichenbach 
lamellae by c r y s t a l l i z a t i o n  of the  r e s i d u a l  e u t e c t i c  l i q u i d  i n  
or iented i n t e r s t i c e s  i n  the  n i c k e l  i ron.  Golds te in  and Og i lv i e  
( 1963) s t a t e d  t h a t  Reichenbach lamellae and o t h e r  t r o i l i t e  i nc lus ions  
"of the  same genera l  sizes as the  phosphides" form i n  the  s o l i d  
s t a t e  owing t o  decrease  of t r o i l i t e  s o l u b i l i t y  i n  the  m e t a l  dur ing  
cooling. 
S o l u b i l i t y  of FeS i n  Fey  N i  
Isothermal  s e c t i o n s  ( f i g .  3) have been drawn, us ing  the  e x i s t -  
ing d a t a  on the  systems Fe-Ni (Go lds t e in  and Og i lv i e ,  1965a),  Fe-S 
(Hansen and Anderko, 1958; A i n s l i e  and Seybol t ,  1960),  Ni-S ( E l l i o t t ,  
1965), and Fe-Ni-S (Kullerud,  1963). Phase boundaries are assumed t o  
be l i n e a r ,  fol lowing the  thermodynamic reasoning of Mei je r ing  (1959) 
fo r  f e r r i t e - a u s  t e n i t e -  type e q u i l i b r i a .  
The s o l u b i l i t y  of S i n  Fe-Ni a l l o y s  of composition resembling 
those of most i r o n  me teo r i t e s  (5-20 w t  pe rcen t  N i )  i n  equi l ibr ium 
I 
L a 
0 
8 
0 
S INP3Y3d’lM 
0 0 
S lN3WPd‘lM 
45 
with s u l f i d e  l i q u i d  i s  approximately 0.01 w t  pe rcen t  a t  1 , O O O " C  
( f i g .  3 ) .  This s o l u b i l i t y  decreases  w i t h  temperature,  s o  t h a t  
s u l f i d e  l i q u i d  exsolves from metal. I n t e r p o l a t i n g  from Kullerud 
(1963) , s u l f i d e  l i q u i d  i n  equ i l ib r ium wi th  Fe-Ni a l l o y s  ranging i n  
composition from 5 t o  25 w t  pe rcen t  N i  s o l i d i f i e s  w i t h i n  t h e  approximate 
temperature range 940" 20°C. A t  9 4 0 " C ,  t he  s o l u b i l i t y  of S i n  Fe-Ni 
of the above composition range is approximately 0.008 sfi 0.001 w t  
percent .  Other elements are not  p r e s e n t  i n  s u f f i c i e n t  amounts t o  
s i g n i f i c a n t l y  change t h i s  f i g u r e .  
a t u r e ,  s o l i d  FeS exsolves  from t h e  m e t a l .  Kamacite begins  t o  sep- 
a r a t e  from t a e n i t e  a t  approximately 770°C f o r  a l l o y s  of m e t e o r i t i c  
composition. F igure  3 shows t h a t  a t  700°C t h e  s o l u b i l i t y  of s u l f u r  
i n  a l l o y s  of the above composition is  n e g l i g i b l e  (below 0.002 w t  
percent ) .  Hence, the  temperature a t  which the  bulk  of t he  s o l i d  
FeS exsolves  from metal i n  me teo r i t e s  i s  between 840" and 700°C. 
Below the  s o l i d i f i c a t i o n  temper-  
The s o l u b i l i t y  of S i n  kamacite is greater than i n  t a e n i t e ,  so 
tha t  some FeS i s  red isso lved  i n  m e t a l  du r ing  t h e  formation of kama- 
c i t e  and is  then r e p r e c i p i t a t e d  a t  lower temperatures.  The s o l u b i l -  
i t y  i s  so low, however, t h a t  t he  e f f e c t  is of l i t t l e  importance 
q u a n t i t a t i v e l y ,  e s p e c i a l l y  i f  kamacite forms i n  m e t e o r i t e s  a t  
temperatures as much as 100°C lower than  t h e  equ i l ib r ium Fe-Ni 
diagram p r e d i c t s ,  because of s u p e r s a t u r a t i o n  e f f e c t s  (Wood, 1964; 
o r  s t a b i l -  Golds te in  and Og i lv i e ,  1965b; Shor t  and Anderson, 1965) 
i z a t i o n  of t a e n i t e  by C ( B r e t t ,  1966). 
Ca lcu la t ion  shows t h a t  0.008 w t  pe rcen t  S ,  i f  t o t a  
from metal, corresponds t o  0.04 volume pe rcen t  t r o i l i t e  
length  of exsolved t r o i l i t e ,  0.2 mm wide, i n  any random 
s l ab  of meteor i te .  Point-count a n a l y s i s  of t he  s l a b  of 
l y  exsolved 
o r  a 2-cm 
10 x 10 cm 
Gibeon and 
the s l a b  of Drum M t s .  ( f i g .  1) , which c o n t a i n  type 2 and type 1 
t r o i l i t e  bodies ,  r e s p e c t i v e l y ,  i n d i c a t e s  t h a t  they c o n t a i n  1 . 3  vol -  
ume pe rcen t  and 0.7 volume pe rcen t  t r o i l i t e  i n  lamellar form 
respec t ive ly .  The amount of lamellar t r o i l i t e  i n  these  s l a b s  i s  
not unusually high compared w i t h - t h a t  i n  o the r  me teo r i t e s .  Therefore  
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the amount of t r o i l i t e  i s  too  l a r g e  to  be expla ined  by an  exso lu t ion  
o r ig in .  
The lack  of c o n t i n u i t y  of the Widmanstztten t e x t u r e  a c r o s s  the 
type 1 t r o i l i t e  bodies and the presence of swathing kamacite commonly 
surrounding them are i n d i c a t i o n s  t h a t  the  t r o i l i t e  formed p r i o r  t o  
the formation of t he  Widmanstgtten tex ture .  S i m i l a r l y ,  the  l a c k  of 
c o n t i n u i t y  of s c h r e i b e r s i t e  masses across  t h e  t r o i l i t e  bodies  sugges ts  
t h a t  t he  s c h r e i b e r s i t e  formed a f t e r  t h e  t r o i l i t e  and nuc lea ted  a t  
the t r o i l i t e - m e t a l  i n t e r f a c e s ,  These phosphide masses formed from 
the  s o l i d  s ta te  (Go lds t e in  and Og i lv i e ,  1963). 
The t r o i l i t e  bodies are very  s imilar  mine ra log ica l ly  t o  the  
l a r g e  rounded t r o i l i t e  nodules which occur so commonly i n  i r o n  
me teo r i t e s .  These l a r g e  bodies formed by c r y s t a l l i z a t i o n  of a 
s u l f i d e  m e l t  (Vogel, 1945) according to  the  phase e q u i l i b r i a  shown 
i n  f i g u r e  3. The f a c t  t h a t  both nodules and type 1 lamellae formed 
p r i o r  t o  the  formation of s c h r e i b e r s i t e  and Widmanstgtten t e x t u r e ,  
and t h a t  n e i t h e r  show c h a r a c t e r i s t i c s  of e x s o l u t i o n  t e x t u r e  and could 
not  have formed by e x s o l u t i o n ,  sugges ts  t h a t  t h e  e longated  t r o i l i t e  
bodies  a l s o  formed from a m e l t .  
Swathing Kamacite 
Pe r ry  (1944) s t a t e d  t h a t  swathing kamacite,  which commonly 
surrounds m e t e o r i t i c  t r o i l i t e  bodies ,  was formed by r e j e c t i o n  of 
metal t h a t  c r y s t a l l i z e d  wi th  t r o i l i t e  frm t h e  r e s i d u a l  m e l t ,  w i th  
f u r t h e r  e x s o l u t i o n  from the s o l i d .  H e  a l s o  s t a t e d  t h a t  some of 
t he  swathing kamacite surrounding Reichenbach lamellae was formed 
by nuc lea t ion  of kamacite on ea r l i e r  kamacite of t he  above o r i g i n  
du r ing  t h e  formation of the  Widmanstgtten t ex tu re .  
a l s o  s t a t e d  t h a t  swathing kamacite i s  formed by r e j e c t i o n  of N i -  
poor metal from t r o i l i t e  on s o l i d i f i c a t i o n .  
Buchwald (196f) 
It has  been shown above t h a t  Ni-Fe a l l o y s  corresponding t o  the 
composition of the  ma jo r i ty  of i r o n  me teo r i t e s  (Ni  5-25 w t  pe rcen t )  
become t o t a l l y  c r y s t a l l i n e  a t  940" f 20°C. For such compositions 
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the Widmanstgtten t e x t u r e  begins  t o  form a t  approximately 760°C f o r  
N i  Fe and 520°C f o r  N i  Fe (Golds te in  and Og i lv i e ,  1965a). 5 9 5  25 75 
Meteori tes  must t h e r e f o r e  coo l  more than 100°C from t h e  temperature  
a t  which the remnant s u l f i d e  l i q u i d  s o l i d i f i e s  t o  the  temperature 
a t  which kamacite begins  t o  appear. 
10"c per  m i l l i o n  years  f o r  i r o n  me teo r i t e s  (Wood, 1964; Shor t  and 
Anderson, 1965; Golds te in  and Ogi lv ie ,  1965b) , t h i s  100°C minimum 
temperature d i f f e r e n c e  corresponds t o  a 
10 m i l l i o n  yea r s ,  which from the  d i f f u s i o n  r e s u l t s  of Golds te in  and 
o thers  (1965) i s  ample t i m e  f o r  inhomogeneities i n  Fe-Ni surrounding 
the s u l f i d e  inc lus ions  t o  be annealed out.  I n  a d d i t i o n ,  Ku l l e rud ' s  
(1963) work has shown t h a t  the  metal c r y s t a l l i z i n g  from the  r e s i d u a l  
m e l t  i n  the Fe-r ich p a r t  of the  system Fe-Ni-S does no t  d i f f e r  g r e a t l y  
from the bulk metal composition. Metal surrounding s u l f i d e  inc lus ions  
would the re fo re  not  be Fe r i c h  as implied by Perry.  There i s  l i t t l e ,  
i f  any, s o l u b i l i t y  of Fe i n  FeS (Hansen and Anderko, 1958) s o  t h a t  
swathing kamacite cannot form by exsolu t ion .  Therefore ,  i n  cont ra -  
d i c t i o n  t o  P e r r y ' s  conclus ions ,  swathing kamacite surrounding t r o i -  
l i t e  bodies i n  i r o n  me teo r i t e s  i s  not  formed from the  m e t a l  c r y s t a l -  
l i z i n g  from the  r e s i d u a l  s u l f i d e  m e l t  o r  by exso lu t ion ,  b u t  i s  due 
t o  nuc lea t ion  of kamacite a t  the  t r o i l i t e - m e t a l  i n t e r f a c e  dur ing  
the formation of t he  Widmanststten tex ture .  Our i n a b i l i t y  t o  f i n d  
swathing kamacite about type 2 lamellae i s  t h e r e f o r e  puzzling. 
, 
Assuming cool ing  rates of 1"- 
cool ing  t i m e  of more than  
Cooling Rates 
Sims (1959) has  shown by hea t ing  experiments on an  a l l o y  c l o s e l y  
resembling the  composition of t he  Grant me teo r i t e  t h a t  t he  s i z e  of 
t r o i l i t e  nodules i s  p ropor t iona l  t o  the  cool ing  t i m e  dur ing  the  
s o l i d i f i c a t i o n  i n t e r v a l .  The me teo r i t e s  Gibeon, Maria Elena,  Henbury, 
Yanui t lan,  Tocopi l la ,  Tlacotepec,  and Coahuila c o n s i s t e n t l y  con ta in  
type 2 (wide) t r o i l i t e  i n c l u s i o n s ,  wi th  few of the  l a r g e r  t r o i l i t e  
nodules commonly found 'in i r o n  meteor i tes .  
may be due t o  sampling d i f f i c u l t i e s  r a t h e r  than any real r e l a t i o n s h i p .  
From the r e s u l t s  of S i m s ,  i t  would appear t h a t  these  me teo r i t e s  cooled 
f a s t e r ,  a t  least  dur ing  s o l i d i f i c a t i o n ,  than  most i r o n  meteor i tes .  
The l a c k  of l a r g e  nodules 
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It is noteworthy t h a t  the  oc t ahedr i t e s  i n  the  above group are 
excep t iona l ly  low i n  n i c k e l  compared w i t h  o t h e r  me teo r i t e s  i n  t h e i r  
class ( t a b l e  2). This  i s  e s p e c i a l l y  t r u e  of t h e  th ree  f i n e  oc ta -  
h e d r i t e s  whose n i c k e l  con ten t s  are c l o s e r  t o  those of coarse  octa-  
h e d r i t e s  than  f i n e  oc t ahedr i t e s .  The work of Wood (1964),  Shor t  
and Anderson (1965),  Goldstein and Ogilvie  (1965b), and Reed (1965) 
sugges ts  t h a t  f o r  a given n i c k e l  con ten t ,  the  width of t he  kamacite 
lamellae is propor t iona l  t o  the cool ing  rate. The above o c t a h e d r i t e s  
have excep t iona l ly  narrow kamacite lamellae compared wi th  o the r  
me teo r i t e s  of similar composition, which sugges ts  t h a t  they cooled 
more r a p i d l y  dur ing  the  i n t e r v a l  i n  which the  Widmanstgtten t e x t u r e  
formed than the ma jo r i ty  of i r o n  meteori tes .  This  a d d i t i o n a l  evi- 
dence sugges ts  t h a t  the  above me teo r i t e s  may have cooled more rap- 
i d l y  over t h e  e n t i r e  cool ing  range, at l e a s t  from the  temperature 
a t  which s u l f i d e  began t o  s o l i d i f y .  These me teo r i t e s  t he re fo re  
cooled i n  a body smaller than t h a t  from which most me teo r i t e s  o r ig -  
i na t ed ,  o r  near  the  su r face  of a l a rge  body. 
The f ine-gra ined  k a m a c i t e - t r o i l i t e  intergrowths observed a t  the  
t r o i l i t e - k a m a c i t e  con tac t  i n  Tocopi l la ,  Maria Elena,  Gibeon, and Hen- 
bury are i n d i c a t i v e  of rap id  cooling. Had t h e s e  me teo r i t e s  cooled 
s lowly,  t he  t r o i l i t e  and kamacite would have separa ted  i n t o  coa r se r  
grained masses. 
1965) , as has  Henburg (Spencer,  1933; Perry,  1944; Wood, 1964) , so 
it  is l i k e l y  t h a t  t he  f ine-gra ined  t e x t u r e  r e p r e s e n t s  p a r t i a l  
mel t ing  and rap id  cool ing  a t  some t i m e  subsequent t o  the  formation 
of t he  Widmanstxtten tex ture .  
shock, which causes  maximum hea t ing  a t  g ra in  boundaries,  which 
would e x p l a i n  why the  t ro i l i t e -kamac i t e  intergrowths are observed 
only a t  the  boundaries  between these  two phases.  The f ine-gra ined  
kamacite may have been swathing kamacite p r i o r  t o  the  r ehea t ing ,  
which exp la ins  the  l a c k  of swathing kamacite about  these  type 2 
t r o  il i te l a m e  1 lae . 
Gibeon has  apparent ly  been reheated (El Goresy, 
The source of h e a t  may have been 
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corresponds c l o s e l y  t o  the  average n i c k e l  con ten t  of t he  c l a s s  ( t a b l e  
2). These me teo r i t e s  a l s o  gene ra l ly  con ta in  l a r g e  t r o i l i t e  nodules ,  
I so  tha t  i t  i s  un l ike ly  t h a t  they cooled unusual ly  r ap id ly .  The 
narrow t r o i l i t e  lamellae may be f r a c t u r e s  formed by minor s e t t l i n g  
movements i n  the me teo r i t e  parent  body o r  by shock whi le  p a r t  of t he  
s u l f i d e  f r a c t i o n  w a s  s t i l l  molten. The rough o r i e n t a t i o n  of t h e  
narrow t r o i l i t e  bodies  i n  some me teo r i t e s  i s  sugges t ive  of a f r a c -  
t u r e  p a t t e r n .  Doubtless many o t h e r  f r a c t u r e s  formed a t  the  t i m e ,  
bu t  only those  t h a t  were f i l l e d  wi th  t r o i l i t e  p e r s i s t e d ;  the  rest 
rehealed dur ing  the long cool ing  per iod  which i r o n  me teo r i t e s  
have undergone. 
I 
The lamellae wi th  nea r -pe r fec t  o r i e n t a t i o n  (Duel H i l l  and 
Staunton) may have r e s u l t e d  from entrapment of s u l f i d e  l i q u i d  
remnants between two growing m e t a l  c r y s t a l  f aces  a t  a s l i g h t  ang le  
t o  one another.  The common s l i g h t  d i f f e r e n c e  i n  o r i e n t a t i o n  of 
the Widmanststten lamellae ac ross  the  lamellae tends t o  support  
t h i s  o r ig in .  
CONCLUSIONS 
The fol lowing conclusions can be drawn from the  p re sen t  s tudy:  
1) Use of the  term Reichenbach lamellae is  so confused i n  the  
l i t e r a t u r e  t h a t  we suggest  t h a t  i t  be dropped, o r ,  i f  used ,  a com- 
p l e t e  d e s c r i p t i o n  should be given of the  body so  designated.  
2) A l l  t r o i l i t e  bodies  i n  me teo r i t e s  were formed from a s u l f i d e  
m e l t ,  with extremely minor c o n t r i b u t i o n  from t r o i l i t e  exsolved i n  
the s o l i d  state.  
3) The type 1 lamellae i n  i r o n  me teo r i t e s  appear t o  have 
formed by f i l l i n g  of f r a c t u r e s .  
have formed by c r y s t a l l i z a t i o n  of the  r e s i d u a l  s u l f i d e  l i q u i d  i n  
or ien ted  i n t e r s t i c e s  i n  the  n icke l - i ron .  The type 2 lamellae appear 
t o  have formed i n  i r o n  me teo r i t e s  which cooled more r a p i d l y  than 
most i r o n  meteor i tes .  Such rapid cool ing  i s  sugges t ive  of o r i g i n  
The wel l -or ien ted  bodies  may 
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i n  a s m a l l  paren t  body, compared wi th  the s i z e  of the pa ren t  body 
of o t h e r  i r o n  m e t e o r i t e s ,  o r  of cool ing near  t he  su r face  of a l a r g e  
body. 
4) Swathing kamacite surrounding t r o i l i t e  i n  i r o n  me teo r i t e s  
was formed by nuc lea t ion  a t  the  t r o i l i t e - m e t a l  i n t e r f a c e  dur ing  
the formation of the  Widmanstatten texture .  
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ELECTRON MICROSCOPY OF MICROMETEORITES COLLECTED ON 
THE 1965 LUSTER EXPERDENT 
By M. H. Carr  and H. J. Gabe 
INTRODUCTION 
A sounding rocket  payload, designed t o  recover  micrometeori tes  
from the  upper reaches of t he  e a r t h ' s  atmosphere, w a s  success fu l ly  
launched and recovered by Ames Research Center  on November 16, 1965. 
The purpose of the  s h o t ,  a p a r t  of the Lus ter  program, w a s  t o  c o l l e c t  
e x t r a t e r r e s t r i a l  m a t e r i a l  and r e t u r n  it t o  e a r t h  f o r  a n a l y s i s  (Far- 
low and Gaul t ,  1964). 
pated i n  the  shot  as gues t  experimenters by des igning  and examining 
c o l l e c t o r s  placed i n  one of the  1 2  c o l l e c t i o n  pans flown. This 
r e p o r t  is  a sununary of the  r e s u l t s  of examining m a t e r i a l  on co l l ec -  
t o r s  s p e c i f i c a l l y  designed f o r  use i n  the  e l e c t r o n  microscope. The 
r e s u l t s  are s u r p r i s i n g  i n  t h a t  f a r  l e s s  m a t e r i a l  than a n t i c i p a t e d  
w a s  co l l ec t ed .  Only s i x  p a r t i c l e s  of poss ib l e  e x t r a t e r r e s t r i a l  
-1 o r i g i n  w e r e  found i n  the  2 x 10 sq cm of c o l l e c t i o n  su r face  scan- 
ned. No evidence of h igh  v e l o c i t y  impact w a s  found. 
A group from t h e  Geological  Survey p a r t i c i -  
The Lus ter  payload and d e t a i l s  of t he  November f l i g h t  have been 
descr ibed  i n  o t h e r  r e p o r t s  (Farlow and Blanchard, 1966; Farlow, 
Blanchard,  and Fer ry ,  1966) and are only summarized i n  t h i s  one. 
The payload c o n s i s t s  of a c e n t r a l  column and t h r e e  deployable  arms. 
Four pans,  i n  which the  c o l l e c t o r s  a r e  mounted, a r e  a t t ached  t o  
each arm; the  pan covers a r e  f ixed  t o  the  c e n t r a l  column ( f i g .  1). 
The c o l l e c t i o n  pans, i n  a vacuum-sealed cond i t ion ,  are a t tached  
t o  fhe  payload before  launch. A f t e r  launch, when the  payload 
reaches c o l l e c t i o n  a l t i t u d e ,  the arms are deployed so t h a t  the  
pans are approximately a t  r i g h t  angles  t o  the  l i n e  of f l i g h t .  
The pan covers  remain a t tached  t o  the  c e n t r a l  column. A t  t he  end 
of t he  c o l l e c t i o n  period the  arms are r e t r a c t e d ,  and the  pans are 
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Figure 1. --Luster sampling instrument fully open (reproduced by 
permission of NASA, Ames Research Center). 
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mated wi th  t h e i r  covers and vacuum sealed. 
Sampling of the Leonid meteor shower was intended i n  the  
November 1965 experiment. The Luster  payload w a s  c a r r i e d  on an 
Aerobee 150 sounding rocket  and launched from White Sands Missile 
Range a t  1600 hours (U.T.) November 16, w i t h i n  a few hours of the 
est imated peak of the  Leonid meteor shower. The payload opened 
dur ing  ascent  a t  an a l t i t u d e  of 64 km, reached a maximum a l t i t u d e  
of 145 km, and closed on descent  a t  116 km. The s a m p l e r  remained 
open f o r  a per iod of LOO seconds. Af te r  recovery,  the pans,  s t i l l  
vacuum sea led ,  were detached from the payload and re turned  t o  the 
experimenters.  
SAMPLE PREPARATION AND CONTAMINATION CONTROL 
The e l e c t r o n  microscope mounts were i n t e n s i v e l y  s tud ied  
f i r s t  because a shadowing technique was a v a i l a b l e  f o r  c l e a r l y  
d i sc r imina t ing  between contaminants and noncontaminants. 
a s m a l l  p ropor t ion  of t he  t o t a l  area a v a i l a b l e  i n  t h e  c o l l e c t i o n  
pan was se t  a s i d e  f o r  e l e c t r o n  microscopy. The r e s t  of the area 
w a s  reserved f o r  c o l l e c t i n g  m a t e r i a l  t o  be examined o p t i c a l l y  o r  
i n  the  e l e c t r o n  microprobe. The resu l t s  from examining the  
e l e c t r o n  microscope mounts are c r i t i c a l  f o r  i n t e r p r e t i n g  f u t u r e  
d a t a  from the  o p t i c a l  and microprobe mounts s i n c e  only  i n  the 
e l e c t r o n  microscope mounts can the contaminants be c l e a r l y  recog- 
nized. 
Only 
Surfaces  designed f o r  the c o l l e c t i o n  and examination of 
submicron p a r t i c l e s  i n  the  e l e c t r o n  microscope included copper 
mesh covered wi th  200-400 A t h i c k  f i lms of formvar and c o l l o d i a n  
t h a t  were shadowed wi th  aluminum. Extreme precaut ions  were taken 
t o  prevent  contamination dur ing  the  prepara t ion  of the  mounts. 
A l l  work w a s  conducted on a laminar flow c l e a n  bench i n  a c l ean  
room. Cleanl iness  on the  laminar flow bench exceeded the  Class 
I V  requirements i n  A i r  Force T.O. 00-25-203, 1 March 1962. 
Chemicals and c leaning  f l u i d s  were f i l t e r e d  before  use  t o  e l i m -  
i n a t e  p a r t i c l e s  g r e a t e r  than 0.05 p i n  diameter.  A l l  s o l i d  p a r t s  
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were cleaned u l t r a s o n i c a l l y  as w e l l  as r in sed  i n  f i l t e r e d  c l ean ing  
so lu t ions .  
aluminum and f o r  s e a l i n g  the c o l l e c t i o n  pans. Each chamber opened 
up onto the c l ean  bench so  t h a t  between shadowing and vacuum seal- 
ing i n  the c o l l e c t i o n  pan the mounts never l e f t  the  c l e a n  environ- 
ment of the  laminar flow bench. A s  an  a d d i t i o n a l  p recau t ion ,  f i l -  
t e r s  were placed ac ross  t h e  a i r  i n l e t  va lves  of t he  vacuum chambers 
t o  e l imina te  par t ic les  l a r g e r  than 0.05 p. The only  t i m e  t h a t  t he  
c o l l e c t i o n  pans were opened between leaving  the  c l e a n  bench before  
f l i g h t  and r e tu rn ing  t o  the  c l ean  bench a f t e r  f l i g h t  w a s  dur ing  the  
f l i g h t  i t s e l f .  
Separate  vacuum chambers were used f o r  shadowing wi th  
The double shadowing technique w a s  used t o  d i sc r imina te  be- 
tween contaminants and noncontaminants. The copper mesh w a s  
shadowed immediately p r i o r  t o  s e a l i n g  i n  the  c o l l e c t i o n  pan and 
immediately a f t e r  removing from the  pan subsequent t o  f l i g h t .  
P a r t i c l e s  having one shadow must have landed on the c o l l e c t i o n  
surface e i t h e r  (1) i n  the  s h o r t  t i m e  between shadowing and s e a l i n g  
i n  the pans,  while  the  mounts were exposed only t o  f i l t e r e d  a i r ,  
(2)  dur ing  shipment of the  vacuum-sealed pans,  as a r e s u l t  of 
contaminants f a l l i n g  o f f  the i n s i d e  w a l l s  of t he  pans o r ,  (3) whi le  
the payload w a s  deployed i n  f l i g h t .  A l l  p a r t i c l e s  wi th  two shadows 
or no shadows must be contaminants;  only p a r t i c l e s  wi th  one shadow 
can be noncontaminants. 
A p re l iminary  examination of t he  c o l l e c t o r s  showed t h a t  t he  
p r inc ipa l  contaminant w a s  Cu o r  CuO from the  copper mesh: 
micron p a r t i c l e s  were found along the  edges of some of t he  sc reen  
openings but  not  i n  the  center .  Where contamination occurred,  
the copper w a s  s l i g h t l y  d isco lored .  To avoid i n t e r f e r e n c e  from 
t h e  copper,  areas of copper mesh were s e l e c t e d  f o r  examination 
from those areas of copper mesh t h a t  s t i l l  appeared f r e s h  and 
unc o r  r oded . 
sub- 
RESULTS 
The g r i d s  were f a r  c l e a n e r  than a n t i c i p a t e d .  An area of 2 x 
10-1 sq cm, 2,000 g r i d  openings, was examined s y s t e m a t i c a l l y  a t  
magn i f i ca t ions  of 16,000 t o  20,000. 
p a r t i c l e s  l a r g e r  than 0.07 p i n  diameter are seen  wi th  ease. 
6 single-shadowed p a r t i c l e s  were found; 116 double-shadowed p a r t -  
icles w e r e  p resent .  No ho les  o r  f l a p s ,  i n d i c a t i v e  of p e n e t r a t i o n  
of t h e  organic  suppor t  f i l m s  by p a r r i c l e s ,  w e r e  observed. 
O f  t h e  g r i d s  flown were sh ie lded  from t h e  micrometeori te  f l u x  by 
l u c i t e .  No single-shadowed p a r t i c l e s  were found on these  g r i d s ,  
bu t  t h i s  is n o t  s u r p r i s i n g  s i n c e  many of t h e  unshielded g r i d s  a l s o  
y i e lded  no single-shadowed p a r t i c l e s .  
A t  t h e s e  magni f ica t ions ,  
Only 
Seve ra l  
Although extremely low levels of contaminat ion were achieved,  
t h e  contaminant t o  noncontaminant r a t i o  remained h igh ,  approximately 
20:1, because of the  low number of noncontaminants found, This 
S igh  r a t i o  is c o n s i s t a n t  w i th  t h e  pre l iminary  resu l t s  of Farlow, 
Blanchard, and Fer ry  ( 1966) , who found no s i g n i f i c a n t  d i f f e r e n c e  
i n  the  number of p a r t i c l e s  on unshielded and sh ie lded  g r i d s ,  and 
on f l i g h t  samples and samples not  flown. 
) a r t i c l e s  found pe r  u n i t  area is comparable wi th  t h e  t o t a l  number 
of p a r t i c l e s ,  s i n g l e  and double shadowed, found h e r e  (610 p e r  sq 
a), i n d i c a t i n g  s i m i l a r  levels of contamination. 
The number of single-shadowed p a r t i c l e s  pe r  u n i t  area is 
The total number of 
a lmost  two o r d e r s  of magnitude less than found on t h e  Venus F l y  
Trap experiment (Hemenway and Soberman, 1962) f o r  which f l i g h t  
cond i t ions  were ve ry  s imi l a r .  Even t h e  t o t a l  number of p a r t i c l e s  
p e r  u n i t  area f o r  Lus te r ,  i nc lud ing  contaminants, is less than  the  
number of single-shadowed p a r t i c l e s  for  t h e  Venus F l y  Trap expe r i -  
ment. Three man-months of work produced only  s i x  p a r t i c l e s ;  
because of t h i s ,  e l e c t r o n  microscope work was  c u r t a i l e d .  Photo- 
graphs of two of t h e  single-shadowed particles are shown i n  f i g u r e  
2. Four of the  single-shadowed p a r t i c l e s  are c r y s t a l l i n e  and 
g ive  d i f f r a c t i o n  p a t t e r n s .  
f o r  i d e n t i f i c a t i o n ,  b u t  d e f i n i t e l y  do n o t  r e p r e s e n t  
The p a t t e r n s  are n o t  complete enough 
Ni-Fe, Fe, o r  N i .  
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Figure 2. --Two typical single- shadowed particles. 
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INTERPRETATION 
From the few p a r t i c l e s  c o l l e c t e d ,  an  estimate w a s  made of t he  
p a r t i c l e  f l u x  dur ing  f l i g h t  u s ing  a method similar t o  t h a t  of 
Soberman and Hemenway (1965). The p a r t i c l e s  were assumed t o  be 
f a l l i n g  a t  t h e i r  terminal v e l o c i t i e s ,  Vp, which was computed from 
where p and p are,  r e s p e c t i v e l y ,  the p a r t i c l e  d e n s i t y ,  taken as 
3 gm p e r  cc ,  and the ambient a i r  densi ty .  d i s  the  diameter  of 
the  p a r t i c l e ,  g is the  a c c e l e r a t i o n  due t o  g r a v i t y ,  c i s  the  ambient 
mean molecular  speed, and CY i s  a cons tan t ,  taken as Vp w a s  
c a l c u l a t e d  f o r  va r ious  a l t i t u d e s  f r o m v a l u e s  of p c ,  and g pub- 
l i shed  i n  U. S. Standard Atmosphere (1962). 
P a 
4n 
a’ 
From the  f l i g h t  d a t a  furn ished  by Ames Research Center  and 
the  va lues  of Vp a t  va r ious  a l t i t u d e s ,  the  v e l o c i t y  of the  p a r t i c l e  
wi th  r e spec t  t o  the c o l l e c t o r ,  Vpc, was c a l c u l a t e d  f o r  va r ious  
times, t ,  a f t e r  deployment of t h e  c o l l e c t o r .  I f  t he  number of 
par t ic les  p e r  u n i t  volume sampled i s  Dp, then the  t o t a l  number 
of p a r t i c l e s  c o l l e c t e d ,  N ,  is g iven  by 
t2 
N = Vpc Dp d t  
where t i s  the t i m e  the  c o l l e c t o r  was  deployed and t i s  the  t i m e  
the  c o l l e c t o r  w a s  r e t r a c t e d .  I f  t he  f l u x  of p a r t i c l e s  i s  assumed 
cons t an t  , then 
2 
t2 
N = f  d t  
VP 
where f i s  the  f lux .  The i n t e g r a l  gives  the  e f f e c t i v e  open t i m e  of 
the  c o l l e c t o r  and w a s  solved g raph ica l ly  f o r  d i f f e r e n t  p a r t i c l e  
s i z e s .  
given i n  f i g u r e  3. 
The e f f e c t i v e  open t i m e  as a func t ion  of p a r t i c l e  s i z e  i s  
For most  of t he  f l i g h t ,  t he  r a t i o  !@ i s  c l o s e  
VP 
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i s  a t  a n  a l t i t u d e  where a 0.1 p part ic le  f a l l s  a t  a v e l o c i t y  of 
only a few cent imeters  per  second, compared wi th  a v e l o c i t y  of over 
1 km p e r  sec f o r  the  c o l l e c t o r ,  and the r a t i o  
10 . This  implies  t h a t  f o r  0 .1  p size p a r t i c l e s ,  most of the 
c o l l e c t i o n  took p l ace  i n  the  f i r s t  few seconds a f t e r  deployment of 
the  c o l l e c t o r .  This  e f f e c t  i s  f a r  l e s s  pronounced f o r  1 p p a r t -  
i c l e s ,  as t h e i r  t e rmina l  v e l o c i t i e s  a t  deployment a l t i t u d e  are s t i l l  
high. 
i s  g r e a t e r  than 
2 VP 
The f l u x  c a l c u l a t e d  i s  a maximum s i n c e  the  number of s i n g l e -  
shadowed p a r t i c l e s  r ep resen t s  the maximum p o s s i b l e  number of 
I e x t r a t e r r e s t r i a l  p a r t i c l e s  c o l l e c t e d ,  Some of the single-shadowed 
p a r t i c l e s  are probably contaminants t h a t  f e l l  on t h e  c o l l e c t o r  dur-  
ing shipment o r  from the v e h i c l e  during deployment. Films of the  
Pegasus s a t e l l i t e  show l a r g e  amounts of d e b r i s  f a l l i n g  o f f  the 
s a t e l l i t e  dur ing  deployment of i t s  arms, and t h e  Lus ter  payload 
may s i m i l a r l y  be a source of contamination. Even t h i s  maximum 
f l u x  i s  less than  the  f l u x  determined from satel l i te  d a t a  and 
from the  Venus F l y  Trap experiment ( f ig .  4 ) .  
Most of t he  space a v a i l a b l e  i n  the c o l l e c t i o n  pans w a s  
reserved f o r  c o l l e c t o r s  designed f o r  o p t i c a l  examination and 
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these  p a r t i c l e s  from a l l  the  contaminants p re sen t  w i l l  be exceedingly 
d i f f i c u l t ,  i f  not  impossible.  
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By I r v i n g  May and Frank C u t t i t t a  
INTRODUCTION 
The f i e l d  of geochemical ana lys  i s  has  been exper ienc ing  an  
exp los ive  development of new techniques i n  r e c e n t  years .  Chemical 
a n a l y s i s  of n a t u r a l l y  occurr ing  substances was a major a c t i v i t y  of 
chemists  as e a r l y  as the  18th cent ry .  Consequently,  sys temat ic  
methods of a n a l y s i s  of rocks and minerals  were developed r e l a t i v e l y  
ea r ly .  Such methods underwent gradual  ref inement  and a l s o  en large-  
ment t o  accommodate new elements as they were discovered.  Fundamen- 
t a l l y ,  however, techniques remained r e l a t i v e l y  s t a t i c  f o r  many years .  
As r e c e n t l y  as the  late t h i r t i e s  the s i t u a t i o n  hadn ' t  changed 
much. However, t he re  were a l r eady  s igns  of the  impending instrumen- 
t a l  revolu t ion .  Spectrographic  analyses  were being appl ied  increas-  
i ng ly  t o  a n a l y t i c a l  problems. Heyrovsky's polarograph w a s  on the 
market,  a l though l i t t l e  used i n  t h i s  country. Recording spec t ro -  
photometers had a l r eady  been descr ibed  al though none were as y e t  
being produced connnercially. 
Things changed r a p i d l y  i n  the  1940's. Wartime indus t ry  requi red  
ana lyses  t h a t  were inc reas ing ly  complex and soph i s t i ca t ed .  Spurred 
on by these  requirements of i ndus t ry  and a s s i s t e d  by generous support  
from the  government, a tremendous expansion i n  the  e l e c t r o n i c  and 
o p t i c a l  instrument  i n d u s t r i e s  occurred. The impact on a n a l y t i c a l  
chemistry w a s  revolu t ionary .  
I n  t h i s  r e p o r t ,  some of the modern t r ends  i n  geochemical 
a n a l y s i s  w i l l  be discussed.  What are some of the  t rends  i n  geochemical 
ana lys i s?  F i r s t  of a l l ,  geochemical s tud ie s  are growing i n  s i z e  and 
scope. There are r e c i p r o c a t i n g  s t i m u l i  a c t i n g  between the  f i e l d  and 
the labora tory .  As the  c a p a b i l i t y  of the l abora to ry  f o r  making 
67 
rapid and complex analyses increases, it becomes feasible to 
tackle field problems requiring what would have been formerly 
a prohibitive number of samples or determinations. 
the need for many analyses forces the analyst to adopt new 
analytical techniques and to develop new methods. 
Similarly, 
We see also a growing demand for the analysis of small 
samples and of trace constituents of large samples. A large 
proportion of mineral analysis is performed on the semimicro 
and micro levels. Samples of minute metallic spherules and 
of dust particles collected at high altitudes require micro 
and ultramicro techniques. In preparing for the analysis of 
returned lunar samples, a premium is being placed on the ability 
to extract a maximum of information from the smallest size 
s amp le. 
CHROMATOGRAPHY 
Chromatographic methods have provided new and comparatively 
simple techniques for performing separations of complex materials 
previously considered almost impossible to achieve. The techniques 
of column, paper, thin-layer, and gas chromatography generally 
utilize one or more of the four principal chromatographic phenomena 
of adsorption, particion, ion-exchange, and electrochromatography. 
Only the two techniques which recently have shown the greatest 
analytical development, i. e. , thin-layer chromatography and gas 
chromatography, will be discussed here. 
The discovery of chromatography is attributed to Mikhail 
Tswett, a botanist. In 1906, he published his first paper on 
resolving plant pigments by absorbing them on columns of calcium 
carbonate and separating them into colored bands by eluting with 
petroleum ether. Because of the bright color of some of the bands, 
he named the process the chromatographic method. 
It is  of p a r t i c u l a r  i n t e r e s t  t o  geochemists t h a t  David Talbot  
Day, a d i s t ingu i shed  cheinist and geologis t  a t  t he  U.S. Geological  
Survey, s t a r t i n g  i n  1898 performed s h i l a r  chromatographic separa-  
t i o n s  ir, connect ion with h i s  s t a d i e s  of Pennsylvania o i l s .  Day 
f r a c t i o n a t e d  crude petroleum i n t o  a s e r i e s  of o i l s  d i f f e r i n g  i n  
c o l o r  and s p e c i f i c  g r a v i t y  by d i f f u s i n g  the o i l  through columns 
of f u l l e r ' s  ea r th .  H e  found t h a t  Texas o i l s  con ta in  cons iderable  
amounts of c o n s t i t u e n t s  r e a d i l y  removable by abso rp t ion ,  and he 
specula ted  on a common source f o r  petroleum from Texas, Ohio, and 
Pennsylvania. The d i f f e r e n c e s  i n  t h e i r  composition were explained 
as due t o  the g r e a t e r  d i s t a n c e  of Ohio and Pennsylvania o i l s  from 
the source and t h e i r  consequent passage through g r e a t e r  lengths  of 
absorbing media (Day, 1903). Day's s tud ie s  were continued by J. 
E. G i lp in  and h i s  a s s o c i a t e s ,  who found t h a t  f u l l e r ' s  e a r t h  tends 
t o  r e t a i n  unsa tura ted  hydrocarbons, s u l f u r  compounds, and n i t r o -  
gen compounds. P a r a f f i n i c  hydrocarbons move through the  e a r t h  
most r a p i d l y ,  the  f r a c t i o n s  of lower s p e c i f i c  g r a v i t i e s  p e n e t r a t i n g  
f i r s t  ( G i l p i n  and o t h e r s ,  1908, 1911, 1913). 
D e s p i t e  the remarkable accomplishments of the  p ioneer ing  
i n v e s t i g a t o r s  of chromatography, l i t t l e  w a s  done wi th  the method 
f o r  some t h i r t y  y e a r s ,  a f t e r  which column sepa ra t ions  began t o  be 
used widely. I n t e r e s t  i n  chromatography expanded phenomenally 
wi th  the  development of paper chromatography by Mart in  and Synge 
i n  1951 and the in t roduc t ion  of gas chromatography i n  1952 by 
James and Martin. 
Chromatography is  fundamentally a s e p a r a t i o n  process.  The 
s e p a r a t i o n  takes  p l ace  on a porous s t a t i o n a r y  medium when a 
sample i s  passed through the  medium. The sample may be a l i q u i d ,  
a s o l i d  d isso lved  i n  a l i q u i d ,  o r  a gas. A convenient  t a b u l a t i o n  
of chromatographic systems i s  given i n  t a b l e  1. 
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Table 1.--Systems, techniques, and principles of chromatography 
(from Maier and Mangold, 1964) 
Stationary phase Mobile phase Techniques Physical principles 
Solid L iqu id Column, thin- Absorption, ion 
layer, and exchange, gel filtra- 
paper chroma- tion, and others. 
t ogr ap hy 
Liquid --do-- --do-- Partition, reversed- 
phase partition. 
Solid Gaseous Gas - so 1 id Absorption. 
chroma- 
tography 
chroma- phase partition. 
t ogr ap h y 
--do-- Gas- liquid Partition, reversed- Liquid 
A comprehensive discussion of the theory and techniques of 
chromatography has been presented by Lederer (1957; see also 
Rosenthal and others, 1961). A review of recent developments and 
literature has been published (Heftmann, 1966). Applications of 
column and paper chromatography in geology have been discussed by 
Ritchie (1964). 
The various chromatographic methods have several common fea- 
tures that make them appealing to analysts. Foremost, chromato- 
graphic separations can be made of mixtures that are not readily 
separated by other techniques. Chromatographic separations can be 
conducted rapidly, within as short a time as a few minutes. Separ- 
ations can be made with small samples; in fact, for some of the 
techniques--paper, thin-layer, or gas chromatography--micro samples 
are best. Column-absorption chromatography, the oldest of the 
chromatographic procedures, has been largely superseded by the 
newer chromatographic techniques. 1ts first application, the 
fractionation of petroleum components, is now performed more 
readily and more effectively by gas chromatography. Paper methods 
are generally faster than column methods , permit two-dimensional 
analysis, and are more amenable to development of colors or 
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f luorescence  by r eac t ion  with reagents  a f t e r  development. 
a r e  p a r t i c u l a r l y  u s e f u l  i n  the sepa ra t ion  of amino ac ids  and f o r  
the i d e n t i f i c a t i o n  of m e t a l l i c  elements i n  f i e l d  s tud ie s .  The 
r e l a t i v e l y  o lde r  techniques of column and paper chromatography 
w i l l  n o t  be d iscussed  f u r t h e r  here ,  
They 
Gas Chromatography 
Gas chromatography is  a technique f o r  s epa ra t ing  gases  o r  
vapors  from one another  by pass ing  them over a s t a t i o n a r y  s o l i d  o r  
l i q u i d  phase having a l a r g e  su r face  area. Separa t ions  occur be- 
cause of d i f f e r e n t i a l  v o l a t i l i t y  of the components, d i f f e r e n t i a l  
s o l u b i l i t y  of the  gas mixture  i n  a l i q u i d  phase,  o r  d i f f e r e n t i a l  
a d s o r b a b i l i t y  on a s o l i d  phase. The technique has been d iscussed  
comprehensively by Dal Nogare and J u v e t t  (1962, 1966) and by L i t t l e -  
wood ( 1962). 
Gas chromatogrdphic methods are of two types:  1) gas - so l id  
chromatography, i n  which a gas ,  such as  helium, argon,  hydrogen, o r  
n i t r o g e n ,  ca r ry ing  a gaseous mixture  t o  be reso lved ,  passes  over a 
porous absorbing s o l i d ,  and 2) gas - l iqu id  chromatography, i n  
which the  s t a t i o n a r y  phase i s  a nonvo ia t i l e  l i q u i d  coated on a 
porous s o l i d  support .  Gas-solid chromatography is  p a r t i c u l a r l y  
a p p l i c a b l e  t o  the  a n a l y s i s  of gases  and of v o l a t i l e  nonpolar l i qu ids .  
These are gene ra l ly  separa ted  i n  the  order  of t h e i r  v o l a t i l i t y ,  
the  more v o l a t i l e  gas coming through f i r s t .  Gas- l iquid chromatography 
is  the  more gene ra l ly  app l i cab le  method as t h e r e  are a l a rge  number 
of s t a t i o n a r y  l i q u i d  media a v a i l a b l e  t h a t  d i f f e r  i n  t h e i r  chemical 
and s o l v e n t  behavior.  Proper s e l e c t i o n  of the l i q u i d  f a c i l i t a t e s  
many o therwise  d i f f i c u l t  separa t ions .  
Three procedures may be used i n  gas chromatography: e l u t i o n ,  
f r o n t a l ,  o r  displacement ana lys i s .  E lu t ion  a n a l y s i s ,  the  most 
widely used of the t h r e e ,  i s  performed by sweeping the sample 
through the  column with an i n e r t  c a r r i e r  gas.  Components which 
are r e so lvab le  have d i t  I c s ren t  r e t e n t i o n  times i n  the  column and 
7 1  
appear a t  the d e t e c t o r  a t  t imes c h a r a c t e r i s t i c  f o r  each component 
with a given column and se t  of ope ra t ing  condi t ions.  
of t he  d e t e c t o r  i s  p l o t t e d  as a func t ion  of t i m e ,  so t h a t  a compon- 
en t  a r r i v i n g  a t  the  d e t e c t o r  w i l l  be  represented  by a peak above a 
base l i ne .  The he igh t ,  o r  more g e n e r a l l y  the  area, of t he  peak i s  
propor t iona l  t o  the  concent ra t ion  of the  component. 
separated by gas chromatography cannot  be i d e n t i f i e d  without  t he  
use of independent i d e n t i f i c a t i o n  techniques o r  without  p r i o r  
knowledge of t he  composition of a sample and the  performance of 
the column wi th  a given set  of condi t ions .  
The response 
Components 
Two parameters of gas chromatographic sepa ra t ions  are t h e  
e f f i c i e n c y  and r e s o l u t i o n  of a column. 
column i s  the measure of i t s  a b i l i t y  t o  produce sharp  peaks. It 
depends on such f a c t o r s  as c a r r i e r - g a s  f low rate, sample s i z e ,  
temperature,  and packing material. The number of t h e o r e t i c a l  
p l a t e s ,  which i s  a measure of the  e f f i c i e n c y ,  i s  def ined  as r= 16 
(x/y) where x and y are def ined  i n  f i g u r e  1. The r e s o l u t i o n  of a 
column r e f e r s  t o  i t s  e f f i c i e n c y  i n  s e p a r a t i n g  two s o l u t e s  from one 
another. From a n a l y s i s  of t he  degree of over lap  of t he  curves  of 
two s o l u t e s ,  the  number of t h e o r e t i c a l  p l a t e s  requi red  t o  e f f e c t  
complete sepa ra t ion  can  be ca l cu la t ed .  Columns can be r e a d i l y  made 
t h a t  provide e f f i c i e n c i e s  of up t o  hundreds of thousands of t heo re t -  
i c a l  p l a t e s .  
the column, decreas ing  i t s  d iameter ,  u s ing  a packing wi th  more 
favorable  p a r t i t i o n  c h a r a c t e r i s t i c s ,  and decreas ing  t h e  rate of 
ca r r i e r -gas  flow. 
The e f f i c i e n c y  of a 
2 
Increased r e s o l u t i o n  can be obtained by lengthening 
As an a n a l y t i c a l  t o o l  , gas chromatography is  inc reas ing ly  
popular f o r  several reasons. Foremost is  i t s  a p p l i c a b i l i t y  on a 
micro scale--less than 20 m l  f o r  l i q u i d  samples and less than  5 m l  
f o r  gases. Nevertheless ,  columns wi th  much g r e a t e r  capac i ty  a l s o  
may be used f o r  t he  p repa ra t ion  of u l t r a p u r e  compounds. 
the d e t e c t i o n  methods are nondes t ruc t ive ,  and the  separa ted  e f f l u e n t  
vapors can be co l l ec t ed  and then subsequent ly  s tud ied  by o t h e r  
a n a l y t i c a l  methods such as u l t r a v i o l e t ,  i n f r a r e d ,  X-ray, mass 
Many of 
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spectrometr ic ,  and o p t i c a l  spec t rographic  ana lys i s .  
graphic sepa ra t ions  can be performed r a p i d l y ,  o f t e n  i n  w e l l  under 
an  hour per  run. 
Gas chromato- 
Columns are o f t e n  only a few f e e t  i n  length ;  3- to 6-foot  
lengths are common. 
c a p i l l a r y  columns s e v e r a l  hundred f e e t  long are used. 
chromatography, commonly used adsorbents  are a c t i v a t e d  charcoa l ,  
molecular s i eves  , alumina, and s i l i ca  gel.  With gas- l iqu id  chro- 
matography, s t a t i o n a r y  so lvents  s e l e c t e d  f o r  t h e i r  high t r a n s i t i o n  
temperatures are deposi ted on an i n e r t  s o l i d  s u b s t r a t e  such as 
powdered Teflon,  diatomaceous e a r t h ,  and steel  o r  g l a s s  h e l i c e s  o r  
spheres. Hundreds of such l i q u i d s  are a v a i l a b l e ;  among the  most 
popular are g lyco l s ,  n a t u r a l  o i l s  and w a x e s ,  and s i l i c o n e s .  
For sepa ra t ions  wi th  maximum e f f i c i e n c y ,  
I n  gas-so l id  
Any d e t e c t i n g  device s e n s i t i v e  t o  small changes i n  the  phys ica l  
or chemical p r o p e r t i e s  of t he  e f f l u e n t  gas o r  vapor can be used. 
Most commonly used are thermal-conduct ivi ty ,  i o n i z a t i o n ,  flame- 
ion iza t ion ,  and e lec t ron-capture  de t ec to r s .  Q u a n t i t a t i v e  d a t a  are 
obtained by r e l a t i n g  recorded peak he igh t s  o r  areas of the  chroma- 
tographic curve t o  concentrat ions.  
Appl ica t ions  
Gas chromatography is an important method f o r  analyzing atmos- 
pheric  p o l l u t a n t s  and has  a l s o  been used f o r  t he  a n a l y s i s  of volcan- 
i c  gases.  
in  organic  geochemical s tud ie s .  The hydrocarbon c o n s t i t u e n t s  of 
shales  of var ious  ages ranging up t o  2.5 x 10 
mation) were s tudied  by gas- l iqu id  chromatographic sepa ra t ion  f o l -  
lowed by mass spectrometric measurements t o  determine the  relative 
d i s t r i b u t i o n  of the  normal a lkanes and of isoprenoids  (Belsky and 
o the r s ,  1965). The i soprenoids  i n d i c a t e  biogenic  processes.  Biogenic 
s t e ranes  and pentacyc l ic  t r i t e r p a n e s  were s i m i l a r l y  i s o l a t e d  and 
i d e n t i f i e d  i n  the  Soudan s h a l e  (Burlingame and o t h e r s ,  1965). 
Gas-liquid chromatography is being used t o  g r e a t  advantage 
9 years  (Soudan f o r -  
- 
Although most a p p l i c a t i o n s  of gas chromatography have been to  
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t he  a n a l y s i s  of organic  and biochemical samples , gas - l iqu id  chroma- 
tography of metals has been inves t iga ted  and shows g r e a t  promise. 
Chromatographic sepa ra t ions  of v o l a t i l e  h a l i d e s  of t i n ,  t i t an ium,  
niobium, tantalum, and uranium have been made. Many of the  o t h e r  
v o l a t i l e  h a l i d e s  have been s tudied.  Systematic s t u d i e s  are being 
made of the s e p a r a t i o n  from one another  of the  v o l a t i l e  meta l  
c h e l a t e s  (Moshier and Sievers, 1965) , p a r t i c u l a r l y  of t he  metal 
p d i k e t o n e s .  Microgram q u a n t i t i e s  of such hard t o  sepa ra t e  
combinations as beryl l ium, aluminum, and scandium g ive  completely 
reso lved ,  wel l -def ined peaks. The 1965 and 1966 Annual Review 
i s s u e s  of Ana ly t i ca l  Chemistry c i t e  hundreds of r e fe rences  t o  
a p p l i c a t i o n s  of gas chromatography. 
Thin-Layer Chromatography 
Thin- layer  chromatography (TLC) i s  a chromatographic technique 
wherein the  adsorbent  i s  prepared as a uniformly t h i n  d e p o s i t  on 
r i g i d  suppor t ing  p l a t e s  such as g l a s s ,  p l a s t i c  s h e e t s ,  o r  m e t a l l i c  
f o i l s  and plates.  It is more s u i t a b l e  than column methods as a 
micro technique and i s  p a r t i c u l a r l y  use fu l  f o r  the  a n a l y s i s  of 
complex mixtures ,  resembling paper  chromatography i n  the  s i m p l i c i t y  
of ana lys i s .  Unlike paper techniques , which g e n e r a l l y  are p a r t i t i o n  
procedures  and are used b e s t  wi th  po la r  developers  and s o l u t e s ,  
t h i n - l a y e r  chromatography i s  e s s e n t i a l l y  a form of adso rp t ion  
chromatography. 
and s o l v e n t  mixtures ,  i t  can be used a l s o  f o r  p a r t i t i o n  o r  exchange 
chroma t ogr  a p  hy . 
With the proper  choice  of chromatographic medium 
E s s e n t i a l s  of TLC have been known f o r  almost 30 y e a r s ,  and i t  
has  been used i n t e r m i t t e n t l y  by va r ious  i n v e s t i g a t o r s .  Thin- layer  
ope ra t ing  techniques were pe r fec t ed  andeapplied s u c c e s s f u l l y  t o  
many problems p a r t i c u l a r l y  through the  e f f o r t s  15 yea r s  ago by 
Kirchner  and co-workers (1951) ,  and more r e c e n t l y  by S t a h l  and 
co-workers (1958, 1965). Maier and Mangold (1964) have repor ted  
on gene ra l  techniques,  appara tus ,  and app l i ca t ions  and have d i s -  
cussed the advantages of TLC over o t h e r  chromatographic techniques.  
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The technique is now being used ex tens ive ly ,  p a r t i c u l a r l y  i n  bio-  
chemical ana lys i s .  
A l a rge  number of adsorbents  are a v a i l a b l e ,  a l though those 
most f requent ly  used are very  f i n e  (minus 200 mesh) s i l i ca  g e l ,  
alumina, diatomaceous e a r t h ,  c e l l u l o s e ,  and carbon. Alumina i s  
bes t  used f o r  adsorp t ion  chromatography, whereas diatomaceous 
e a r t h  and c e l l u l o s e  are most u s e f u l  f o r  p a r t i t i o n  chromatography 
of po la r  melecules. 
separa t ion ,  depending on the  so lven t  systems used. 
S i l i c a  g e l  can be used f o r  e i t h e r  type of 
The adsorbent is gene ra l ly  mixed wi th  a b inder  such as p l a s t e r  1 
of P a r i s  o r  s t a r c h ,  and modi f ie rs  are o f t e n  added t o  change the  
p rope r t i e s  of t he  adsorbent.  
and of diatomaceous e a r t h  may be suppressed t o  favor  p a r t i t i o n  
e f f e c t s  by impregnating c e l l u l o s e  us ing  an  acetone s o l u t i o n  of 
formamide, and diatomaceous e a r t h  wi th  an aqueous s o l u t i o n  of 
propylene glycol .  
separated spec ie s  a l s o  can be incorporated i n t o  the  adsorbant.  
I n  reversed-phase p a r t i t i o n  chromatography, a s t a t i o n a r y  
Adsorptive p r o p e r t i e s  of c e l l u l o s e  
Reagents g iv ing  c h a r a c t e r i s t i c  r eac t ions  wi th  
nonpolar l i q u i d  phase i s  used wi th  a moving po la r  l i qu id .  
phobic adsorbents ,  such as ace ty l a t ed  c e l l u l o s e  and powdered 
polyethylene,  a r e  used. Normally, hydrophylic adsorbents  a r e  
impregnated wi th  hydrophobic a d d i t i v e s  such as p a r a f f i n ,  s i l i c o n e s ,  
or te t radecane.  
Hydro- 
P l a t e s  are b e s t  used f r e s h  and are, the re fo re ,  prepared by the  
researcher .  A s l u r r y  of the  adsorbent and b inder  is used t o  c o a t  
the p l a t e ,  which is  gene ra l ly  5 x 20 cm o r  20 x 20 cm. Mechanical 
spreading devices  providing v a r i a b l e  th icknesses  from 501.1 t o  3,0001.1 are 
usua l ly  used to  ensure a uniform coa t ing;  l aye r s  about 250p t h i c k  
a re  used m o s t  of ten.  The coa t ing  is then dr ied .  
e 
Sample a p p l i c a t i o n  can be i n  the  form of s o l u t i o n s  o r  as 
e f f l u e n t s  from gas chromatographs c o l l e c t e d  d i r e c t l y  on TLC p l a t e s .  
S m a l l  drops of the  so lu t ions  t o  be analyzed are deposi ted near  the 
edge of the  p l a t e  and then dr ied .  
placing the  p la te  i n  a covered chamber f o r  about 20 t o  60 minutes ,  
. 
Development is c a r r i e d  ou t  by 
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t h e  t i m e  f o r  a t r a v e l  of about 10 cm. Ascending v e r t i c a l  develop- 
ment is  most o f t e n  used,  a l though descending development as w e l l  
as h o r i z o n t a l  r i n g  and s t r e a k  techniques are not  uncommon. Complex 
mixtures  can be f u r t h e r  separa ted  by two-dimensional chromatography. 
Highly colored o r  f l u o r e s c e n t  ma te r i a l s  can be de t ec t ed  d i r -  
e c t l y .  More o f t e n  c o l o r s  o r  f luorescence are produced by the 
a d d i t i o n  of appropr i a t e  r eagen t s  by spraying o r ,  occas iona l ly ,  
by dipping. Organic compounds a r e  o f t en  de t ec t ed  by cha r r ing  
wi th  a carboniz ing  ac id  such as s u l f u r i c  ac id  o r  su l fur ic -chromic  
ac id .  A l t e r n a t i v e  d e t e c t i o n  methods include the  use  of rad io-  
a c t i v e l y  labeled compounds o r  d i l u t i o n  wi th  a rad io iso tope .  An 
autoradiograph is made of t he  developed p l a t e ,  o r  t h e  separa ted  
s p o t s  are e l u t e d  o r  removed by scrap ing  and then are counted wi th  
a s c i n t i l l a t i o n  counter.  Quan t i t a t ive  r e s u l t s  are obtained by 
dens i tome t r i c  methods, by measuring the areas of the  s p o t s ,  o r  
i n  the case of radioelements by counting the  a c t i v i t y  of the  
spots .  
A s  i n  paper chromatography, i n  a given medium and so lven t  
system, the  rate of movement of a substance is a n  i n t r i n s i c  p rope r ty  
of the  subs tance)  and the  R va lue  i s  def ined  as the r a t i o  of t he  
d i s t a n c e  t r ave led  by the  c e n t e r  of the s p o t  t o  t h e  d i s t a n c e  t r ave led  
by the s o l v e n t  f r o n t .  
f 
Thin- layer  chromatography has seve ra l  advantages over column 
and paper  chromatography. It has  s u b s t a n t i a l l y  g r e a t e r  s e n s i t i v i t y ,  
sharpness  of s epa ra t ion ,  and speed. A s  a consequence, s epa ra t ions  
formerly r e q u i r i n g  many hours  are poss ib l e  wi th  s h o r t e r  lengths  and 
i n  f a s t e r  times. The method can be used wi th  c o r r o s i v e  s o l u t i o n s  
t h a t  would des t roy  paper. It  is  more f l e x i b l e  than  paper  chroma- 
tography i n  t h a t  one of a l a r g e  number of p o s s i b l e  adsorbants  
can be s e l e c t e d  which would be most e f f e c t i v e ,  depending on t h e  
chemical p r o p e r t i e s  of the  substance being separa ted .  
7 7  
Appl ica t ions  
General ly ,  the  eva lua t ion  and s e p a r a t i o n  techniques f o r  TLC 
a r e  those a l r eady  developed f o r  paper  chromatography. TLC has  
been appl ied  t o  many inorganic  problems such as the  s e p a r a t i o n  
of As, Sb, B i ,  and the  noble metals by che la t ion .  The technique 
has a l s o  been appl ied  t o  the  sys temat ic  a n a l y s i s  of a l l  t h e  common 
ca t ions  and anions. 
Thin-layer chromatography i s  e s p e c i a l l y  u s e f u l  f o r  t he  
ana lys i s  of l i qu ids .  
the de te rmina t ion  of amino a c i d s  and pept ides .  Elemental s u l f u r ,  
l i p i d s ,  and hydrocarbons were i s o l a t e d  from e x t r a c t s  of t h e  Orguei l  
carbonaceous me teo r i t e  by Murphy and o t h e r s  ( 1965). 
s i l ica  gel-magnesium s i l i ca t e  adsorbents  wi th  and without  impreg- 
na t ion  with si lver n i t r a t e  and developed the  chromatograms wi th  
hexane. 
There are a l s o  numerous a p p l i c a t i o n s  t o  
They used 
The sepa ra t ion  of s t e r o l s  from corresponding s t a n o l s  can be 
accomplished by th in - l aye r  chromatography. 
f l - s i tos tanol  occur i n  va r ious  peats .  
another has been accomplished by two techniques.  I n  one, the  
mixture i s  brominated, the  s t a n o l  remaining unchanged. The s t a n o l  
i s  then separated from the  brominated s t e r o l  on p l a t e s  covered 
with s i l i c a  g e l  o r  alumina ( Ikan  and o t h e r s ,  1964). 
technique, 8 - s i t o s t e r o l  i s  separa ted  from 8 - s i t o s t a n o l  d i r e c t l y  on 
th in  l aye r s  of s i l i c a  g e l  impregnated wi th  s i lver  n i t r a t e  ( Ikan  and 
Cudzinovski, 1965). This  l a t te r  medium a l s o  g ives  good sepa ra t ions  
of t e t r a c y c l i c  t r i t e r p e n e s  occurr ing  i n  pea t  ( Ikan ,  1965). 
8 - s i t o s t e r o l  and 
The s e p a r a t i o n  of one from 
I n  another  
ACTIVATION ANALYSIS 
The i n s t a l l a t i o n  a t  many research  c e n t e r s  dur ing  the  p a s t  few 
years  of commercially a v a i l a b l e ,  r e l a t i v e l y  low-cost a c c e l e r a t o r s  
and nuc lear  r e a c t o r s  has r e s u l t e d  i n  a marked inc rease  i n  the use  
of a c t i v a t i o n  ana lys i s .  Only r ecen t  developments concerned c h i e f l y  
with the automation of a c t i v a t i o n  a n a l y s i s  systems and with the  
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improvement of the  s e n s i t i v i t y ,  p r e c i s i o n ,  and s e l e c t i v i t y  of 
geochemical ana lyses  by a c t i v a t i o n  techniques can be b r i e f l y  
presented here.  Bowen and Gibbons ( 1963) comprehensively d i s -  
cussed a c t i v a t i o n  a n a l y s i s  , including geochemical a p p l i c a t i o n s  , 
and Lyon, Ricc i ,  and Ross (1966) reviewed r e c e n t  l i t e r a t u r e  on the  
s u b j e c t .  
Separa t ion  Techniques 
Although t h e r e  is  a d e f i n i t e  t rend toward l i m i t i n g  rad io-  
chemical separa t ions  t o  t h e  minimum required f o r  ins t rumenta l  
d i s c r i m i n a t i o n ,  i n  order  t o  achieve the s e n s i t i v i t y  requi red  
( t a b l e  2 )  radiochemical s e p a r a t i o n s  o f t e n  are s t i l l  necessary.  
V o l a t i l i z a t i o n  techniques have been used f o r  some separa t ions .  
Heating i n  a stream of n i t r o s y l  ch lor ide  o r  bromine t r i f l u o r i d e  
v o l a t i l i z e s  W ,  T a ,  Nb, and Fe. R e l a t i v e l y  v o l a t i l e  materials 
such as mercury s u l f i d e  o r  mercury metal  can e a s i l y  be vacuum- 
d i s t i l l e d .  Low- temperature ash ing  of geochemical samples high 
i n  organic  matter can be accomplished with atomic oxygen. 
Table 2. - - S e n s i t i v i t i e s  €or  elements using a c t i v a t i o n  a n a l y s i s  
[Based on a thermal neutron f l u x  of 1OI2 and i r r a d i a t i o n  t i m e  of 
(from Lyon, 1966) 
<0.002 pg 
Ag Mn 
Au Pa 
As P r  
B r  R e  
c o  Rh 
Dy Sc 
Eu Srn 
.Ho Tm 
Ir V 
La W 
Lu 
0.5 T& o r  1 week, whichever i s  s h o r t e r ]  
2 
0.2-0.02 pg 2-0.2 pg x k a  0.02-0.002 pg 
A 1  N a  C e  Rb B a  C a  
A r  Nb C1 Ru B i  F 
Cd Nd G e  S e  Mg Fe 
cu os Hg S i  N i  0 
C r  Pd I n  S r  S Sn 
C s  Sb  K Ta T 1  Z r  
E r  Tb Mo Te Zn 
G a  Th P T i  
Gd U P t  Y 
Hg Yh 
T 
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Q u a n t i t a t i v e ,  e s s e n t i a l l y  c a r r i e r - f r e e  s e p a r a t i o n  techniques 
which have gained much p o p u l a r i t y  i n  r e c e n t  yea r s  inc lude  ion  
exchange, p a r t i t i o n  chromatography, so lven t  e x t r a c t i o n ,  d i s t i l l a -  
t i o n  (Hg, C r ,  O s ,  A s ,  Sb, G e ,  Se ,  Ru, and Mn), and con t ro l l ed -  
p o t e n t i a l  e l e c t r o l y s i s .  
organic  exchangers are o f t e n  employed advantageously i n  s e q u e n t i a l  
s epa ra t ion  such as the  r ap id  s e p a r a t i o n  of neut ron-ac t iva ted  rare 
ea r ths .  Liquid ion  exchangers combine the  advantages of s o l v e n t  
e x t r a c t i o n  wi th  ion  exchange o r ,  chromatographic s e p a r a t i o n s  when 
used as the  s t a t i o n a r y  l i q u i d  phase ( C e r r a i ,  1964). 
Ion exchange wi th  organic  r e s i n s  o r  in-  
Measurement of Rad ioac t iv i ty  
Recent improvements i n  the  measurement of r a d i o a c t i v i t y  are 
gene ra l ly  ref inements  i n  e x i s t i n g  techniques r a t h e r  than new i n s t r u -  
mentation. 
a m p l i f i e r s  w a s  publ ished r e c e n t l y  (Nucleonics ,  1964, vol .  2 2 ,  p . 5 ,  
22) .  Although no t  s u b s t a n t i a l l y  improved l a t e l y ,  t he  tha l l ium-  
a c t i v a t e d  3 x 3 inch sodium iodide  c r y s t a l  i s  s t i l l  the  most used 
gamma-ray s c i n t i l l a t i o n  de tec to r .  
calcium iodide  d e t e c t o r s  have been repor ted  t o  provide a h ighe r  
l i gh t -ou tpu t  s i g n a l  and t h e r e f o r e ,  a h ighe r  r e s o l u t i o n  as com- 
pared wi th  the  sodium iodide  ( T l )  de t ec to r .  The th ickness  of 
calcium iodide  d e t e c t o r s  produced up t o  now is  l imi t ed  t o  about  
6 m. 
A survey of commercially a v a i l a b l e  d e t e c t o r s  and pre-  
Pure and europium-activated 
I n  r ecen t  yea r s ,  neut ron  count ing has  been used i n  c e r t a i n  
a c t i v a t i o n  a n a l y s i s  problems. Neutrons produced by t h e  (y, n) 
r e a c t i o n  of 0l8 and the  (y, n) r e a c t i o n  of 
the  de te rmina t ion  of oxygen and f luo r ine .  
are u s e f u l  f o r  
Recent ly ,  semiconductor d e t e c t o r s  (such as s i l i c o n  and ger -  
manium l i t h ium-dr i f t ed  d e t e c t o r s )  have en tered  the  f i e l d  of nu- 
c lear  d e t e c t i o n  wi th  very  promising r e s u l t s .  The i r  most i n t e r e s t -  
i n g  use i n  a c t i v a t i o n  a n a l y s i s  i s  gamma-ray spectroscopy where the 
l i t h ium-dr i f t ed  germanium d e t e c t o r  has  a much h ighe r  r e so lv ing  
power than  the NaI (T l )  s c i n t i l l a t o r .  P r e s e n t l y ,  r e s o l u t i o n s  of 
7 Kev f o r  2 . 7 5  Mev gamma-rays a r e  obta inable  compared wi th  100- 
120 Kev f o r  a 3 x 3 inch NaI (Tl) detec tor .  However, t h e r e  are 
drawbacks. They must be operated i n  vacuum a t  l i qu id -n i t rogen  
temperatures ,  and t h e i r  e f f i c i e n c y  f o r  high-energy gamma-rays 
i s  low because of t h e i r  small s i ze .  Gallium a r sen ide ,  which has 
shown some promise as a semiconductor a t  room temperature ,  may 
obv ia t e  one d i f f i c u l t y .  Commercially a v a i l a b l e  d f g i t a l  spectrum 
s t a b i l i z e r s  provide s t a b i l i z a t i o n  i n  high r e s o l u t i o n  experiments 
of long dura t ion .  These form high-performance systems when used 
toge the r  wi th  l a r g e  mult iparameter  ana lys i s  u n i t s  (4,096 channels) 
and h igh - re so lu t ion  l i t h ium-dr i f  ted germanium d e t e c t o r s .  
Automation of Act iva t ion  Analysis  
The modular a spec t s  of a c t i v a t i o n  a n a l y s i s  ( a c t i v a t i o n ,  rad io-  
chemical s e p a r a t i o n s ,  gannna spectroscopy,  and computer d a t a  pro- 
ces s ing )  provide the  means of automating t h e  e n t i r e  a c t i v a t i o n  
a n a l y s i s  sequence. Completely automated systems have been appl ied  
t o  process-s t ream monitor ing of c o a l s  and a r e s  ( i . e . ,  copper) and 
should f i n d  a p p l i c a t i o n  i n  geochemical p rospec t ing  and exp lo ra t ion  
where low c o s t ,  r ap id ,  and accu ra t e  e lemental  ana lyses  of l a r g e  
number of samples are required.  In  recent  yea r s ,  t he  use  of 
e l e c t r o n i c  computers i n  nuc lea r  and radiochemistry has  grown 
spec tacu la r ly .  They are used f o r  determining photopeak areas, 
ana lyz ing  complex s p e c t r a  r e s u l t i n g  from mixtures  by f i t t i n g  a 
set of l i b r a r y  s p e c t r a  t o  unknown spec t r a  o r  by spectrum s t r i p -  
ping,  and f o r  the  a n a l y s i s  of multicomponent r a d i o a c t i v e  decay 
curves.  New developments i n  sealed-tube f a s t  neutron gene ra to r s  
wi th  ou tpu t s  i n  t h e  range of lo1' t o  10 neut rons  p e r  second and 
pneumatic t r a n s f e r  systems have made many techniques ,  such as the 
a n a l y s i s  of oxygen, f a s t ,  r e l i a b l e ,  and accura te .  
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Some Geochemical Applications 
Because of its exceptionally high sensitivity for many elements, 
radioactivation analysis is particularly valuable in the determin- 
ation of geochemical trace-element distributions. 
exemplified by studies of the distribution of about 18 trace elements 
in sea water by neutron-activation analysis after irradiating the 
salt residues obtained by freeze-drying in vacuum, and performing 
some radiochemical separations prior to measurement by gamma-ray 
spectrometry. 
Such efforts are 
Neutron-activation analysis has been applied particularly 
to studies of meteorites. Copper and zinc abundances were deter- 
mined in one study in chondritic meteorites. 
of chondrites, determined by the (y, n) reaction of F was sug- 
gested as a means of classifying chondrites. 
and radiochemical separations, the rubidium and cesium contents 
of chondrite6 determined by neutron activation have provided the 
means of studying possible fractionation mechanisms based on 
volatility and the leaching action of water. 
of chondrites was found to be 0.021 ppm by Ehmann and 0.023 ppm 
by Atkins and Smales. Abundances of Au, Ir, and Pt have been 
determined in a wide range of meteoritic and terrestrial materials. 
Neutron-activation determination of gold in a variety of rock samples 
gave a spread of 1 to 10 ppb for two-thirds of the samples. Compared 
to previous estimates of 4-5 ppb, the crustal abundance of gold from 
these new data is estimated as 2.5 ppb. The zinc contents of geo- 
chemical standard samples (G-1, W-1, NBS samples) were determined 
by gamma-ray spectrometry. 
The fluorine content 
19 
Following ion exchange 
The tantalum content 
FISSION TRACK ANALYSIS 
The passage of a heavy charged particle through an insulating 
solid produces radiation damage along a submicroscopic track. 
tracks were discovered first in mica as a result of irradiation with 
fission fragments from uranium-235 (S11k and Barnes, 1959). Similar 
Such 
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n a t u r a l  p a r t i c l e  t r acks  o r  f o s s i l  t racks  were discovered i n  mica 
( P r i c e  and Walker, 1962). These are produced by heavy p a r t i c l e  
fragments r e s u l t i n g  from spontaneous f i s s i o n  of uranium minera l  
i nc lus ions  p re sen t  i n  the  mica o r  of uranium minera l  p a r t i c l e s  
l oca t ed  nearby. Such t r acks  have s ince  been found t o  occur i n  a 
l a r g e  number of i n s u l a t i n g  materials,  inc luding  many mine ra l s ,  
g l a s s e s ,  and c e r t a i n  p l a s t i c s .  It i s  pos tu l a t ed  t h a t  they are 
caused by the  removal of e l e c t r o n s  by the bombarding p a r t i c l e s .  
The r e s u l t i n g  p o s i t i v e  ions are mutually r epe l l ed  i n t o  i n t e r -  
s t i t i a l  p o s i t i o n s  leav ing  h igh  concent ra t ions  of vo ids  and i n t e r -  
s t i t i a l s  along the pa th  of the  p a r t i c l e .  Some materials,  such 
as metals which are good conductors of e l e c t r o n s  and semiconductors 
which are good conductors of h o l e s ,  do no t  form t racks .  
The damage t ra i l s ,  which are only 50 A o r  less i n  d iameter ,  
are s t a b l e  i n d e f i n i t e l y  a t  temperatures below a c r i t i c a l  va lue ,  
depending on the material. If a f r e s h l y  exposed su r face  of the  
material is  etched by appropr i a t e  chemical a t t a c k  then p r e f e r e n t i a l  
a t t a c k  takes  place a long  the  t racks.  The e t c h  f i g u r e s  produced 
can be seen  wi th  an  o p t i c a l  o r  an e l e c t r o n  microscope. 
App 1 ica t ions 
S o l i d - s t a t e  track d e t e c t o r s  can be made s e n s i t i v e  no t  on ly  t o  
heavy f i s s i o n  par t ic les  bu t  a l s o  t o  neutron and a lpha  p a r t i c l e s  
( t h e y  are sometimes used as dosimeters  f o r  the  latter). They 
have been appl ied  t o  measuring spontaneous-f iss ion l i f e t i m e s  
ranging from seconds t o  10l6  years ,  and t o  determining low 
concen t r a t ions  of elements which e m i t  alpha o r  f i s s i o n  p a r t i c l e s  
e i t h e r  spontaneously o r  a f t e r  bombardment ( F l e i s c h e r ,  and o t h e r s  , 
19 65 b) . 
Exceedingly low concen t r a t ions  of uranium can be determined 
i n  minerals i n  which t r a c k s  can form and be developed. 
t i o n s  of uranium as low as an atom f r a c t i o n  of have been 
determined i n  c r y s t a l s  o f  q u a r t z ,  m i c a ,  and o l i v i n e .  The atom 
f r a c t i o n  of uranium, L I S  given by t h e  r e l a t i o n s h i p ,  
Concentra- 
V ’  
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= p .  /cptoN Kf cv 1 0 
where pi is the  
f lux  of thermal 
number of t r acks  pe r  square cen t ime te r ,  cp i s  the  
neutron i r r a d i a t i o n ,  t is the  time i r r a d i a t e d ,  o 
is t h e  c r o s s  s e c t i o n  f o r  thermal neutron-induced f i s s i o n ,  N i s  
the number of atoms of the  material p e r  cubic  cen t ime te r ,  K i s  a 
f a c t o r  approximately equal  t o  the  e t chab le  range of a t r a c k  i n  the  
material, and f is the  known f r a c t i o n  of uranium atoms undergoing 
f i s s i o n  as a r e s u l t  of t h e  i r r a d i a t i o n .  
0 
I n  p r a c t i c e ,  f o s s i l  t r acks  are f i r s t  e tched  and counted, o r  
sometimes removed by annea l ing ,  and then  the  sample is i r r a d i a t e d ,  
e tched,  and recounted. The inc rease  i n  t r a c k  concen t r a t ion  is a 
measure of t he  uranium concent ra t ion .  This  technique a l s o  enab le s  
study of t he  d i s t r i b u t i o n  of uranium i n  the  sample. Inc lus ions  of 
uranium mineralo produce c l u s t e r s  of t r acks ,  Furthermore,  t h e  
uranium content  of i nd iv idua l  minera l  s e p a r a t e s  can be determined 
from small  samples. 
Determinations can be made even when the  material i t s e l f  
does not  form s t a b l e  o r  developable t racks .  Samples of such 
ma te r i a l  are i r r a d i a t e d  between s h e e t s  of mica of low uranium 
content.  The mica is then e tched ,  and the  t r a c k  d e n s i t i e s ,  
obtained i n  t h e  reg ions  of the  g r a i n s ,  are used t o  c a l c u l a t e  t h e  
uranium content .  I n  t h i s  manner, F l e i s c h e r  and o t h e r s  (1965a) 
s tud ied  minera ls  separa ted  from the  Vaca Muerta mesos ide r i t e  and 
measured uranium concent ra t ions  ranging from 4,000 ppm i n  z i r c o n  
down t o  less than  1 ppb i n  hypersthene and a n o r t h i t e .  
The f i s s i o n  t r a c k  technique has  a l s o  proved ve ry  u s e f u l  f o r  
da t ing  terrestrial and extraterrestrial materials. The d a t e s  
obtained are those s i n c e  the  m a t e r i a l  had cooled below t h e  t r a c k  
e ra s ing  temperatures.  The r e l a t i o n s h i p  between age,  T ,  and t r a c k  
dens i ty  p per  square cent imeter  of s u r f a c e  is 
S 
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where ‘q 
s t a n t s  f o r  U238,  N i s  the  number of atoms p e r  cubic  cen t ime te r ,  
and If are the t o t a l  and spontaneous f i s s i o n  decay con- 
d 
238 i s  the  U atomic f r a c t i o n ,  and R i s  the  range of f i s s i o n  ‘23 8 n 
t racks .  Where T i s  less than 10’ years ,  t he  equat ion  is s i m p l i f i e d  
I f  t he  sample i s  exposed t o  a quan t i ty  of 2 thermal neutrons and 
the  d e n s i t y  p 235 is of new t r a c k s  which r e s u l t  from f i s s i o n  of U I 
measured then,  
T = ( P s /  P1)na/Tf 
where I = C 235/C238 and 0 i s  the  c ross  s e c t i o n  f o r  thermal f i s s i o n  
of u . 235 
These techniques have been used f o r  d a t i n g  numerous materials, 
p a r t i c u l a r l y  micas, t e k t i t e s ,  and meteor i tes .  By inco rpora t ing  
uranium i n t o  var ious  g l a s s e s ,  t h e  t r a c k  method may be used as a 
dos imeter  f o r  neutrons.  
the  f u r t h e r  advantage t h a t  t h e  ma te r i a l s  are n o t  s e n s i t i v e  t o  
o t h e r  types of r ad ia t ion .  P l a s t i c  materials which produce a lpha  
tracks have a l s o  been made. Such m a t e r i a l s  can be used t o  monitor 
a lpha  i r r a d i a t i o n s  and a l s o  t o  measure low concen t r a t ions  of boron 
o r  l i t h i u m  which e m i t  a lpha  p a r t i c l e s  on bombardment wi th  neutrons.  
A tremendous range can be measured wi th  
M?%SBAUER SPECTROMETRY 
Rudolph Miissbauer discovered i n  1958 t h a t  n u c l e i  bound i n  a 
c r y s t a l l i n e  l a t t i ce  could,  under c e r t a i n  cond i t ions ,  e m i t  o r  
absorb gamma rays without  undergoing s i g n i f i c a n t  r e c o i l .  I f  
the  energy of the gamma r a y  does no t  exceed about  150 Kev, then  
the  energy i s  not  s u f f i c i e n t  t o  break  chemical bonds, and the  
r e c o i l  energy is absorbed and d i s s ipa t ed  by v i b r a t i o n a l  waves 
w i t h i n  t h e  c r y s t a l  lat t ice.  
has  an e x t r a o r d i n a r i l y  sharp  l i n e  width,  on the  o rde r  of 10 ev 
o r  about  of t h e  t o t a l  energy of the g a m a  ray. Such a sha rp ly  
tuned gamma ray  can be absorbed resonant ly  by a nucleus similar t o  
A s  a r e s u l t ,  t he  emi t ted  gamma ray  
-8 
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the emi t t i ng  one which is s u i t a b l y  bound i n  a c r y s t a l l i n e  l a t t i c e .  
The M'dssbauer resonance e f f e c t  is so s e n s i t i v e  t h a t  changes 
i n  energy l e v e l s  of t he  emi t t i ng  o r  absorbing nucleus as low as 
1 part in 1OI2 can be r e a d i l y  de tec ted .  
i n  t he  energy of a gamma r ay  r e s u l t i n g  from r e l a t i v e  movement of 
the order  of 0.01 rmn per  sec  between the  source and d e t e c t o r  
can a l s o  be determined. 
The Doppler e f f e c t  change 
Use is made of t h i s  Doppler s h i f t  t o  o b t a i n  Mb'ssbauer absorp- 
As the motion of t he  source  r e l a t i v e  t o  an  absorber  t ion  spec t ra .  
i s  changed, t he  energy of t he  gartpna r ay  is changed. 
spectrum ( f i g .  2) is obtained when the  r a d i a t i o n  t ransmi t tance  of 
the sample measured by counting wi th  a d e t e c t o r  is p l o t t e d  as a 
func t ion  of veloc i ty .  
A Mhsbauer  
The Mzssbauer e f f e c t  can r e so lve  the  hyper f ine  nuc lear  s t r u c -  
t u r e  r e s u l t i n g  from the  i n t e r a c t i o n  of magnetic and e l e c t r i c  f i e l d s  
surrounding the  nucleus. 
of chemical combination than the source atoms, an  isomeric  o r  
chemical s h i f t  i n  energy is obta ined ,  and the  source must be moved 
toward o r  away from the  absorber  t o  r e s t o r e  resonance. This  s h i f t  
ta a l i n e a r  func t ion  of the  d o n s i t y  of s - e l ec t rons  around the  nucleus. 
E f fec t s  produced by changes i n  inne r  e l e c t r o n  s h e l l s  such as i n  
the lan thanides  and a c t i n i d e s  a l s o  produce s h i f t s .  Theref o re  , 
ana lys i s  of MG6sbauer s p e c t r a  can y i e l d  information about e l e c t r o n i c  
and magnetic conf igura t ions  around the  nucleus as w e l l  as valence 
s t a t e s  of atoms and charge d i s t r i b u t i o n s  i n  a c r y s t a l  l a t t i c e .  A 
complete d i scuss ion  of t he  M'dssbauer e f f e c t  is given by Wertheim 
(1964) and a review of t he  r ecen t  l i t e r a t u r e  by Devoe and Sp i jke r -  
man (1966). 
I f  t he  absorber  is i n  a d i f f e r e n t  s tate 
Ins t rumenta t ion  
Recently,  research-or ien ted  Mhsbauer  e f f e c t  ana lyze r s  have 
become commercially ava i l ab le .  Typical  spectrometers  employ a 
mechanical o r  e lectromechanical  means f o r  imparting a r e l a t i v e  
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Figure  2.--Mgssbauer abso rp t ion  s p e c t r a  of the  Plainview m e t e o r i t e  
and r e fe rence  minera ls  p re sen t  i n  most s tone  me teo r i t e s .  
t i v e  v e l o c i t y  i n d i c a t e s  a motion of t he  source  toward the  abso rbe r . )  
From Sprenkel-Sepel and Hanna ( 1964). 
(Pos i -  
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v e l o c i t y  between the source and absorber ,  thereby  changing the  
energy of the  gama rays. 
267-day C ~ ~ ~ d i f f u s e d  i n t o copper o r  platinum. I n  the  process  of 
rad ioac t ive  decay, Co5’ genera tes  a n  isomeric s ta te  of t he  decay 
product Fe57, the decay scheme being Co5’- Fe57m+Fe57. 
The rad ionucl ide  source f o r  t he  s tudy  of t h e  Fe57 nucleus i s  
I f  metallic, t he  absorber  is used as a t h i n  shee t .  C r y s t a l l i n e  
ma te r i a l s  are mounted i n  p l a s t i c .  The r ays  pass ing  through t h e  
absorber are fed  i n t o  a s ingle-channel  pu lse-he ight  ana lyze r  and 
counted wi th  a mult ichannel  ana lyze r  a f t e r  being modulated i n  
proport ion t o  the  instantaneous v e l o c i t y  of t he  source.  
Appl ica t ions  
Mzssbauer e f f e c t  provides  a va luab le  supplement t o  more 
Of t h e  elements which have t r a d i t i o n a l  methods of ana lys i s .  
nucl ides  s u i t a b l e  f o r  observing M‘dssbauer e f f e c t s ,  on ly  a f e w  
have been s tud ied  ex tens ive ly .  
t i n ,  the r a r e - e a r t h  e lements ,  go ld ,  and t h e  plat inum group. I so-  
topes of o t h e r  elements i n  which the  e f f e c t  has been observed 
include n i c k e l ,  z inc ,  t e l l u r ium,  krypton,  iod ine ,  xenon, tantalum, 
hafnium, tungsten,  and rhenium. 
Most work has  been done wi th  i r o n ,  
S t r u c t u r a l  s t u d i e s  have been made of a number of i r o n  com- 
pounds and minera ls ,  inc luding  P russ i an  and t u r n b u l l ’ s  b lue ,  
potassium f e r r a t e  (I11 and V I ) ,  s p i n e l  ox ides ,  and amosite. Of 
p a r t i c u l a r  i n t e r e s t  i s  a s tudy  of t he  i r o n  i n  the  Plainview,  
Holbrook, and Johnstown s tone  me teo r i t e s  by Sprenkel-Segel 
and Hanna (1964) .  By comparison wi th  abso rp t ion  p a t t e r n s  of 
known materials, they were a b l e  t o  i d e n t i f y  the  i ron-bearing 
minerals  p r e s e n t ,  t he  relative p ropor t ion  of the  mine ra l s ,  and 
the oxida t ion  s ta te  of t he  i r o n  ions. Spec t r a  obtained f o r  t h e  
Plainview me teo r i t e  and r e fe rence  minera ls  are shown i n  f i g u r e  2. 
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ATOMIC ABSORPTION SPECTROMETRY 
Atomic absorp t ion  spectrometry is  one of t he  most s i g n i f i c a n t  
a n a l y t i c a l  developments of the  l as t  decade. The f i r s t  observa t ion  
of the  abso rp t ion  of s p e c t r a l  energy by c e r t a i n  elements w a s  rec-  
ognized by W. H. Wollaston i n  1802. Although observa t ions  of 
atomic absorp t ion  have long been employed i n  a s t rophys ic s  and atom- 
i c  phys i c s ,  i t  w a s  no t  u n t i l  about 1955 t h a t  t he  a n a l y t i c a l  app l i c -  
a b i l i t y  of t h i s  technique w a s  suggested by the  A u s t r a l i a n  chemist ,  
A. Walsh (1955). Reviews ( Z e t t n e r ,  1964; Kahn, 1966) and compre- 
hensive d i scuss ions  of t he  t h e o r e t i c a l  b a s i s  ( E l w e l l  and Gidley,  
1962) have appeared i n  the  l i t e r a t u r e .  
The b a s i c  p r i n c i p l e  of atomic absorp t ion  is  simple. Free 
atoms absorb l i g h t  on narrow resonance l i n e s ,  about  0.001 A wide, 
which are c h a r a c t e r i s t i c  and s p e c i f i c  f o r  each element. I n  a 
flame, on ly  a ve ry  s m a l l  f r a c t i o n  of the atomic popula t ion  (gener-  
a l l y  <1 percent )  i s  exc i t ed  t o  h igh  energy states, whereas the  
m a j o r i t y  remains as unexci ted f r e e  atoms s t i l l  a v a i l a b l e  t o  absorb 
l i g h t  w i t h i n  the  flame. It i s  t h i s  l a rge  unbound popula t ion  which 
accounts  f o r  t he  high s e n s i t i v i t y  of atomic abso rp t ion  methods. 
Thus, whi le  flame photometric methods measure emission of spectral  
r a d i a t i o n  from a sample s o l u t i o n  passing through a flame, atomic 
abso rp t ion  measures abso rp t ion  of c h a r a c t e r i s t i c  r a d i a t i o n  from 
an  e x t e r n a l  source such as a hollow cathode lamp by the  unexci ted 
atoms i n  the flame. Atomic absorp t ion  is a p p l i c a b l e  t o  more 
elements than flame emission techniques because,  i n  atomic absorp- 
t i o n ,  compounds are d i s s o c i a t e d  only  i n t o  free ground-s ta te  
atoms r a t h e r  than i n t o  exc i t ed  atoms. 
The method is  less s u b j e c t  t o  in t e r f e rence  from f o r e i g n  
elements than flame emission photometry and is  capable  of y i e l d -  
ing  g r e a t e r  prec is ion .  These cons ide ra t ions ,  coupled wi th  the  
s i m p l i c i t y  of t he  technique and the  a v a i l a b i l i t y  of e x c e l l e n t  
ins t ruments ,  account f o r  the  phenomenal i nc rease  i n  i t s  use by 
a n a l y s t s  . 
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Flames and Burners 
Flame temperatures ranging from 1,700 t o  2,200"C can be 
obtained by burning coa l  gas ,  propane, hydrogen, o r  ace ty l ene  
with a i r ;  temperatures ranging from 2,700 t o  3 , l O O " C  a r e  obtained 
with these gases burned in oxygen. 
flame g ives  a temperature of 2,955OC. 
acetylene flame, Fey Mg, Cay N a ,  K, Mn, L i ,  C r y  N i ,  Cu, Zn, Rb, 
Sr, Cd, Pb, B i ,  Ag, and Au can be r e l i a b l y  determined i n  geologic  
ma te r i a l s  . 
The ace ty l ene -n i t rous  oxide 
Using the  s tandard a i r /  
The tendency of some elements t o  form r e f r a c t o r y  compounds 
r a the r  than atoms when they burn has l imi t ed  the  use  of atomic 
absorpt ion f o r  t he  a n a l y s i s  of such elements. I n  gene ra l ,  t h i s  
e f f e c t  can be ascr ibed  t o  too low a flame temperature. Massive 
burners us ing  a mixture of n i t r o u s  oxide and ace ty l ene  as a f u e l  
r a the r  than the  convent ional  a i r - a c e t y l e n e  o r  a i r -propane mixtures  
enable determinat ion of elements such ae  aluminum, some lan thanides ,  
and s i l i c o n  as w e l l  as boron, germanium, hafnium, t i t an ium,  tungs ten ,  
and vanadium. On the  o the r  hand, i f  flame temperature i s  too 
high,  a loss of s e n s i t i v i t y  can r e s u l t  because of s i g n i f i c a n t  
ionizat ion.  I o n i z a t i o n  of barium i n  a n i t r o u s  oxide-acetylene 
flame can approach 90 percent.  
A sheathed oxygen-acetylene o r  oxygen-hydrogen burner  i s  now 
ava i l ab le  commercially, and r e p o r t s  on the  use of oxygen-acetylene 
atomizer-burners i n d i c a t e  a ga in  of a t  least an o rde r  of magnitude 
in  d e t e c t i o n  l i m i t s  by both emission and abso rp t ion  methods. 
absorpt ion spectroscopy is  gene ra l ly  l imi ted  t o  the  a n a l y s i s  of 
l iqu ids .  
of t he  ae roso l  has been obtained by the  use  of continuous u l t r a -  
sonic  nebul izers .  Spec ia l  techniques are being developed t o  
a s p i r a t e  suspensions and t o  s p u t t e r  s o l i d  samples f o r  atomic 
absorpt ion measurement. 
Atomic 
. 
A f i n e r  degree of d i s p e r s i o n  and a h igher  concent ra t ion  
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S ource s 
The most commonly used l i g h t  source i s  a hollow-cathode l amp  
which has a cathode made of the element sought and a low-pressure 
f i l l i n g  of neon o r  argon. The l i g h t  emi t ted  by such a lamp i s  
r i c h  i n  the resonance l i n e s  of the element. U n t i l  r e c e n t l y ,  only 
one element could be determined a t  a t i m e ;  each element requi red  
the i n s t a l l a t i o n  i n  the instrument of a s p e c i a l  source lamp. Mult i -  
element hollow-cathode lamps such as Ca-Zn, Cr-Mn, o r  Ca-Mg-A1 
made from a l l o y s ,  i n t e r m e t a l l i c  compounds, o r  mixtures  of powders 
s i n t e r e d  toge ther  are now being manufactured. However, complicated 
emission s p e c t r a  and poorer d e t e c t i o n  l i m i t s  because of reduced 
energy l i m i t  the  u t i l i t y  of some of these lamps. A r ecen t  improve- 
ment i n  lamp technology is  the h igh - in t ens i ty  lamp. I t  produces 
10 t o  100 t i m e s  more in t ense  resonance l i n e s  than convent ional  
hollow-cathode lamps wi thout  s i g n i f i c a n t  i nc rease  i n  the i n t e n s i t y  
of the  spectrum of the rare-gas  f i l l e r .  Such lamps a l s o  suppress  
the ion  l i n e s  of t he  cathode element. A f u r t h e r  advantage is  t h a t  
low pho tomul t ip l i e r  vo l t ages  are adequate,  thereby r e s u l t i n g  i n  
g r e a t l y  increased s i g n a l -  to-noise  r a t i o s .  High- i n t e n s i t y  lamps  
a r e  of p a r t i c u l a r  va lue  where the  s i g n a l  produced by convent ional  
hollow cathodes a t  the  resonance wavelength i s  weak ( A s ,  Ri, Pb ,  
Sb, o r  Se) o r  where the element sought i s  a t  concent ra t ions  c l o s e  
t o  the s e n s i t i v i t y  l i m i t  (<5 percent  absorp t ion) .  I n  a d d i t i o n ,  
they have been appl ied  t o  elements with complex s p e c t r a  (Ni ,  F e y  
Co, and Sn). Improvements can be expected a l s o  f o r  the  determin- 
a t i o n  of the " r e f r ac to ry"  elements. 
Fas se l  and co-workers (1966) have presented  the  r e s u l t s  of a 
c r i t i c a l  eva lua t ion  of the f e a s i b i l i t y  of employing, as primary 
sources ,  s p e c t r a l  cont inua  from the tungsten lamp, the  hydrogen 
a r c ,  and the xenon arc .  Using such s p e c t r a l  continuum primary 
sources ,  the s e n s i t i v i t i e s  observed fo r  32 elements were e i t h e r  
comparable t o  o r  exceeded those obtained wi th  sha rp - l ine  primary 
sources .  The s t a b l e  h igh-pressure  xenon-mercury lamp p e r m i t s  use  
of the s e n s i t i v e  l i n e s  of many elements (Na, S r ,  and Ca) i n  the 
u l t r a v i o l e t  region wherrc. tiingsten l a m p s  emit  l i t t l e  o r  no u l t r a -  
v i o l e t  1 i g h t .  
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Ins  t rume n ta t ion  
Curren t ly  used instruments employ e i t h e r  t h e  b a s i c  p r i n c i p l e  
of atomic absorpt ion o r  one of two modi f ica t ions  i n  t h e i r  construc-  
t ion.  I n  the s i m p l e s t  (single-beam d-c system),  l i g h t  from a 
lamp source i s  passed through the  flame and the  resonance wave- 
length absorp t ion  measured e l e c t r o n i c a l l y  a f t e r  i s o l a t i o n  by a 
monochromator o r  f i l t e r  and d-c a m p l i f i c a t i o n .  I n  order  t o  min- 
i m i z e  i n t e r f e r e n c e  from flame emission such as r a d i a t i o n  continuum 
of o the r  c o n s t i t u e n t s  around the  resonance l i n e  of t he  element 
sought,  most instruments modulate the  source l i g h t  by mechanical 
o r  e l e c t r o n i c  chopping, leaving t h e  flame l i g h t  unchopped. The 
unmodulated flame emission i s  f i l t e r e d  o u t  e l e c t r o n i c a l l y .  Such 
instruments may be e i t h e r  s i n g l e -  o r  double-beam a c  systems. I n  
instruments employing double-beam systems, a r o t a t i n g  s e c t o r  
mir ror  i s  used as t h e  chopper. It  passes  the  source l i g h t  a l t e r -  
n a t e l y  through and around the  burner  flame, and the  r a t i o  of t h e  
recombined sample and re ference  beams is  measured e l e c t r o n i c a l l y .  
Double-beam a-c ins t rumenta t ion  compensates f o r  d r i f t s  i n  d e t e c t o r  
s e n s i t i v i t y  and changes i n  source i n t e n s i t y ,  r e p o r t e d l y  e l i m i n a t i n g  
the need f o r  prolonged source warmup. 
S e n s i t i v i t y  Enhancement and El imina t ion  
of I n t e r f e r e n c e s  
A s  i n  flame emission,  t he  l i m i t  of s e n s i t i v i t y  ( t a b l e  3) f o r  
atomic absorp t ion  is  cus tomar i ly  def ined  as t h a t  c o n c e n t r a t i o n  of 
an element i n  s o l u t i o n  which r e s u l t s  i n  an  absorp t ion  producing a 
s igna l  1 percent  above background. One method of improving the  
s e n s i t i v i t y  of an atomic absorp t ion  a n a l y s i s  i s  by i n c r e a s i n g  the  
absorpt ion pa th  length  by m u l t i p l e  passes  of t h e  beam through the  
flame us ing  mi r ro r s .  Using 12 traversals of t h e  beam, sensitivity 
i nc reases  of almost an  order  of magnitude have been reported.  
eve r ,  t h e  mer i t s  of mul t ip le -pass ing  are debatable .  
How- 
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Table 3 .  - -Detect ion l i m i t s  by atomic abso rp t ion  
( concen t r a t ion  ranges i n  micrograms per l i t e r )  
0.001-0.01 0.01-0.1 
cu Ag Fe 
K B e  Mn 
L i  Ca Ni 
Mg Cd Rb 
Na C r  S r  
Rb cs 
Zn 
1- 10 0.1-1 
A 1  Pb A s  S i  
Au P t  B a  Sn 
B i  Rh G a  Ta 
Co Sb G e  T i  
Hg Te  Pd V 
I n  T 1  Se W 
Mo 
Of genera l  a p p l i c a b i l i t y  i n  atomic abso rp t ion  spectrometry 
is  the  use of organic  c h e l a t i n g  agents and so lven t  e x t r a c t i o n ,  
thereby e f f e c t i v e l y  screening  t h e  metal  atom sought from d e l e t e r -  
ious ions  and y e t  being r e a d i l y  re leased i n  the  flame dur ing  
c h e l a t e  decomposition. An example of t h i s  technique is the  pro- 
t e c t i v e  c h e l a t i o n  of magnesium wi th  8-hydroxyquinoline t o  over- 
come the i n t e r f e r e n c e  of s u l f a t e ,  phosphate, aluminum, and s i l i c o n .  
Only one magnesium l i n e  (2,852 A) i s  s u i t a b l e  f o r  abso rp t ion  mea- 
surements,  and s e r i o u s  i n t e r f e r e n c e s  occur i n  the  presence of 
o t h e r  elements capable  of forming high- temperature  s t a b  l e  a c i d i c  
oxides.  Such i n t e r f e r e n c e s  may a l s o  be e l imina ted  by the  use  of 
competing c a t i o n s  o r  r e l e a s i n g  agents  such as lanthanum o r  s t r o n t -  
ium. Organic a d d i t i v e s  ( i . e . ,  g lyce ro l ,  methanol,  o r  EDTA) t o  
inc rease  the  e f f e c t i v e n e s s  of inorganic r e l e a s i n g  agents  such as 
lanthanum a l s o  he lp  suppress  in t e r f e rences  of A l ,  T i ,  Z r ,  Fe,  S ,  
and P i n  the  de te rmina t ion  of t he  a l k a l i n e  e a r t h s  i n  s i l icates .  
Solvent  e x t r a c t i o n  of heavy metals (Cd, Co, N i ,  Zn) o r  che l -  
a t i o n - e x t r a c t i o n  permit  not  only the sepa ra t ion  and p reconcen t r a t ion  
of e lements  sought from l a r g e  samples bu t  a l s o  t h e i r  d i r e c t  a s p i r -  
a t i o n  f o r  atomic abso rp t ion  measurement. The technique is typ i -  
f i e d  by the  c h e l a t i o n  of heavy metals wi th  sodium d i e t h y l d i t h i o -  
carbamate followed by e x t r a c t i o n  i n t o  methyl i sobuty l  ketone (MIBK); 
the e x t r a c t i o n  of ziiic I l l ia l l ium, and cadmium bromides i n t o  MIBK; 
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or  the  e x t r a c t i o n  of cesium with a s o l u t i o n  of sodium te t raphenyl -  
boron i n  hexone-cyclohexane which is then  a sp i r a t ed .  
The p re fe r r ed  resonance l i n e s  of some elements l i e  below 2,100 A 
(Se a t  1,960 A and As  a t  1,937 and 1,972 A ) ,  making it mandatory, 
f o r  these  de te rmina t ions ,  t o  use  fused s i l i c a  o p t i c s  capable  of 
being purged with n i t rogen  o r  helium. 
t i on  quantometers are now c m e r c i a l l y  ava i l ab le .  One, a d i r e c t -  
reading instrument employing a f i x e d  g r a t i n g  wi th  pho tomul t ip l i e r  
tubes mounted behind f ixed  s l i t s  and a meter readout  system, has  
found p r a c t i c a l  app l i ca t ion .  
Mult ichannel  atomic absorp- 
A t o m i c  Fluorescence 
Atomic f luorescence  spectrometry,  which embodies p r i n c i p l e s  of 
both emission and absorp t ion  spectroscopy,  has  r e c e n t l y  been i n t r o -  
duced as a means of chemical ana lys i s .  As i n  abso rp t ion  spec t ro -  
scopy, t he  sample s o l u t i o n  is a s p i r a t e d  by a t o t a l  consumption 
atomizer-burner i n t o  an  oxygen-hydrogen o r  oxygen-acetylene flame 
t o  produce ground s ta te  atoms. The r a d i a t i o n  from an  appropr i a t e  
metal-vapor lamp is used a t  r i g h t  ang le s  t o  the  o p t i c a l  axis of 
the monochromator t o  e x c i t e  the  atoms t o  f luorescence.  The f luo res -  
cence i n t e n s i t y  is a measure of the concen t r a t ion  of t h e  element 
being determined. Fluorescence techniques are r e p o r t e d l y  as sens i -  
t i ve  o r  more so than abso rp t ion  and emission methods and are espec i -  
a l l y  use fu l  i n  the a n a l y s i s  of elements which have resonance l i n e s  
in  t h e  u l t r a v i o l e t ,  such as Zn (2,139 A ) ,  Cd (2,288 A), Hg (2,537 A) 
and T 1  (3,776 A). Combining a xenon-arc continuous source ,  a t o t a l -  
consumption atomizer-burner ,  and a low r e s o l u t i o n  monochromator, 
s e n s i t i v i t i e s  usable  i n  t r a c e  a n a l y s i s  f o r  13 elements of geochemi- 
ca l  i n t e r e s t  (Ag, Au, B a ,  B i ,  Cay Cd, Cu, Ga, Mg, N i ,  Pb, T 1 ,  and Zn) 
were obtained by flame f luorescence  spectroscopy--for  example: Zn 
(0.0001 ppm) , T i  (0.04 ppm), I n  (10 ppm), Hg ( 0 . 1  ppm), and Ga (10 
PPm) ' 
Geochemical Applicat ions 
Atomic absorp t ion  spectroscopy is being used inc reas ing ly  i n  
geochemical prospec t ing  f o r  o re  depos i t s ;  rou t ine  minera l  assays  
f o r  Cd, Cu, Pb, Ag, and rap id  a n a l y s i s  of s i l i c a t e  and carbonate  
rocks. It has a l s o  been incorporated by one of the  au tho r s  i n t o  
a system of high p r e c i s i o n  methods f o r  the  a n a l y s i s  of materials of 
a s t rogeo log ic  i n t e r e s t  such as t e k t i t e s ,  s tony  me teo r i t e s ,  impact- 
i t e s ,  and crater materials. Atomic absorp t ion  i s  being used f o r  
the  de te rmina t ion  of C a y  Mg, N a y  K ,  Mn i n  a r ap id  rock a n a l y s i s  
scheme a t  the  U.S. Geological  Survey. Largely because of the  speed 
of atomic absorp t ion  de termina t ions  and t h e i r  relative freedom 
from i n t e r f e r e n c e s ,  a complete rock ana lys i s  f o r  1 2  elements i s  
made i n  about  3 hours. Determinations by atomic absorp t ion  of 
e lementa l  concent ra t ions  i n  sea waters without  p r i o r  chemical 
s e p a r a t i o n  have provided concentrat ion-depth p r o f i l e s  f o r  both the  
North A t l a n t i c  and Gulf of Mexico. 
OPTICAL EMISSION SPECTROMETRY 
When atoms are heated t o  h igh  temperatures,  such as i n  arc, 
spark ,  o r  gaseous d i scha rges ,  they e m i t  l i g h t  of d e f i n i t e  wave- 
lengths  c h a r a c t e r i s t i c  of the  element o r  molecule. Spectroscopy 
i s  a convenient ,  r e l a t i v e l y  s imple,  multielement technique amen- 
a b l e  t o  trace-element a n a l y s i s  as w e l l  as microanalysis .  Some 
70-odd elements a t  levels down t o  10 nanograms are d e t e c t a b l e  o r  
determinable  s imultaneously when covering a p r a c t i c a l  s p e c t r a l  
range from 1,650 t o  9,000 A. P r i n c i p l e s ,  p r a c t i c e s ,  and a n a l y t i c a l  
a p p l i c a t i o n s  of o p t i c a l  emission spectrometry have been presented  
o r  reviewed by Sc r ibne r  and Margoshes (1965), Burakov and Yankovskii 
( 1964) , and Ahrens and Taylor ( 19 61). 
Sample p repa ra t ion  techniques o f t e n  inc lude  pre l iminary  sep- 
a r a t i o n  and enrichment procedures. Space l i m i t a t i o n s  do not  permit  
a gene ra l  d e s c r i p t i o n  of the  var ious  enrichment methods used i n  
spec t rographic  a n a l y s i s  , b u t  an  i l l u s t r a t i v e  l i s t i n g  would inc lude  
evapora t ion ,  ashing,  v o l a t i l i z a t i o n ,  p r e c i p i t a t i o n ,  s o l v e n t  e x t r a c t i o n ,  
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chromatography, ion exchange, e l e c t r o l y s i s ,  c o n t r o l l e d  p o t e n t i a l  
e l e c t r o l y s i s ,  amalgamation, f i r e  a s say ,  magnetic s e p a r a t i o n ,  and 
zone r e f in ing .  
S t e p s  have been taken t o  automate emission spectroscopy us ing  
modern computer technology. Photographic p l a t e s  have been rep laced  
by photomul t ip l ie r  d e t e c t o r s  placed behind s l i t s ,  each s l i t  i s o l a t -  
ing a des i r ed  s p e c t r a l  l i ne .  
developed f o r  spectrometers  which use  c a p a c i t o r s  o r  analog computer- 
type  i n t e g r a t o r s  t o  i n t e g r a t e  c u r r e n t  s i g n a l s  from t h e  phototubes.  
One such instrument can be programed t o  determine q u a n t i t a t i v e l y  
11 elements a t  the  same t i m e .  Another instrument has  been designed 
f o r  rou t ine  s i x - s t e p  semiquan t i t a t ive  de te rmina t ion  of 40 elements  
simultaneously.  
f i n a l  typing of the  repor t .  
P r e c i s i o n  readout  systems have been 
It i s  f u l l y  automatic  from time of a r c i n g  t o  t h e  
High-speed e l e c t r o n i c  computers developed e s p e c i a l l y  f o r  spec- 
Some of t he  t roscopic  a p p l i c a t i o n s  are now commercially ava i l ab le .  
computations being handled are c a l i b r a t i o n  of photographic emulsion, 
t ransformation of microphotometer readings  t o  relative i n t e n s i t i e s  
including background c o r r e c t i o n s ,  and s ta t i s t ica l  a n a l y s i s  of d a t a  
such as l eas t - squa re  f i t t i n g  of l i n e a r  func t ions  t o  d a t a  po in t s .  
Sources 
A s e l e c t e d  n m b e r  of r e c e n t  developments w i l l  be  b r i e f l y  
discussed he re ,  namely, e x c i t a t i o n  i n  c o n t r o l l e d  atornosphere, 
laser microprobe, the  microspark,  and t h e  plasma je t ,  
Control led Atmosphere A r c  E x c i t a t i o n  
I n  emission spectroscopy,  t he  normal p r a c t i c e  of sample excit- 
a t i o n  by an  e l e c t r i c a l  d i scharge  i n  a i r  r e s u l t s  i n  cyanogen band 
formation from the  r e a c t i o n  of t he  g r a p h i t e  e l e c t r o d e  wi th  n i t r o g e n  
in  the  air. These bands obscure t h e  most s e n s i t i v e  l i nes  of several 
elements. The use of control led-atmosphere e x c i t a t i o n  (Ar o r  He) 
e i t h e r  i n  an electrode-chamber o r  as a n  arc shea th  n o t  only e l i m -  
i n a t e s  t he  cyanogen bands b u t  a l s o  reduces the  e l e c t r o d e  temperature ,  
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t he  la t ter  being e s p e c i a l l y  advantageous i n  s e l e c t i v e l y  vapor iz ing  
v o l a t i l e  c o n s t i t u e n t s  while  ieaving r e f r a c t o r y  elements behind. 
Use of the a r c  shea th  a l s o  s t a b i l i z e s  the  d ischarge  p o s i t i o n ,  pro- 
bably by overcoming convection cur ren ts .  
I n e r t  Atmosphere Spark E x c i t a t i o n  
Quan t i t a t ive  emission spectroscopy i s  a comparative method 
based on the r e l a t i o n  between element concen t r a t ion  and i n t e n s i t y  
us ing  s p e c t r a  of similar re ference  s tandard processed i n  the  same 
manner. Rapid a n a l y s i s  of metal l ic  ma te r i a l s  such as me teo r i t e s  f o r  
Fe,  N i ,  Coy and Cu can be undertaken by poin t - to-p lane  spa rk  e x c i t -  
a t i o n  i n  con t ro l l ed  atmospheres ( N  or Ar )  u s ing  c l o s e l y  matching 
r e fe rence  s tandards  and p l o t t i n g  c a l i b r a t i o n  curves i n  terms of 
concen t r a t ion  r a t i o s  (Le .  , N i  I / Fe I, and N i  I / Fe 11). Unlike 
e x c i t a t i o n  i n  a i r ,  i n e r t  atmosphere spark e x c i t a t i o n  provides  nea r ly  
c o n s t a n t  background i n t e n s i t y  wi th  l i n e  i n t e n s i t i e s  nea r ly  propor- 
t i o n a l  t o  concent ra t ion  and does not  requi re  prespark ing  of samples 
because l i n e  i n t e n s i t i e s  reach a s teady va lue  almost as soon as the  
spark i s  s t a r t e d .  
2 
Laser Microprobe E x c i t a t i o n  
Direct spark  microanalys is  of nonconducting specimens w a s  no t  
p o s s i b l e  u n t i l  the  r e c e n t  advent of the laser microprobe, which 
provides  a h i g h - i n t e n s i t y ,  pulsed l a s e r  beam. Laser  probe excit- 
a t i o n  looks promising f o r  t h e  q u a l i t i a t i v e  and q u a n t i t a t i v e  a n a l y s i s  
of samples as small as 35p i n  diameter  (sample weight as small as 
g). Q-switched ruby laser can provide the  energy f o r  immediate- 
l y  vapor iz ing  a t a r g e t  area. 
specimen by a m e t a l l u r i g c a l  microscope, which is a l s o  used for  
specimen viewing and sample area se lec t ion .  Addi t iona l  energy 
f o r  e x c i t i n g  t h e  sample vapor is provided by a spa rk  c i r c u i t .  The 
technique has h igh  abso lu te  s e n s i t i v i t y  (amounts as small as 10 pg) 
and has  been appl ied  t o  the  a n a l y s i s  of n a t u r a l l y  occuring metall ic 
microspheru les ,  s c h l i e r e n  bands i n  t e k t i t e s ,  and s u l f i d e  minera ls ,  
The laser l i g h t  i s  focused onto t h e  
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Mlcrospark Exc i t a t ion  
Another recent  development, t he  microspark e x c i t a t i o n  system, 
can p inpoin t  a 5~ i nc lus ion  i n  a heterogeneous sample and analyze 
se l ec t ed  a r e a s  of h e t e r o c r y s t a l l i n e  geologic  meterials and i n t e r -  
m e t a l l i c s  of meteor i tes .  The device is a chemical ly  pointed rod 
of tungsten,  placed on the  s t age  of a modified microscope, i n  c l o s e  
opposi t ion t o  a sample. 
t o  b e  analyzed can be achieved through a micromanipulating system 
and a F i l a r  eyepiece.  
A sample alinement w i t h i n  2p of the  s e c t i o n  
Plasma Jet  
The plasma j e t  is a technique pe rmi t t i ng  the  de te rmina t ion  of 
elements i n  s o l u t i o n  with excep t iona l ly  h igh  prec is ion .  The 
technique employs the  a s p i r a t i o n  of t he  sample s o l u t i o n  mixed wi th  
an i n e r t  gas under p re s su re  through a small o r i f i c e  i n t o  a d-c 
a r c  ( temperatures r i s i n g  as h igh  as 10 ,OOO°C) producing predomin- 
a t e l y  s p e c t r a  of ionized l i n e s  c h a r a c t e r i s t i c  of t he  d-c arc. Some 
advantages of the  plasma j e t  are u n i v e r s a l i t y  of l i q u i d s  analyzed,  
high s e n s i t i v i t y ,  extreme s t a b i l i t y ,  c a p a b i l i t y  of continuous 
a n a l y s i s ,  and the  reduct ion  i n  matrix e f f e c t s .  Addit ion of organic  
so lvents  (e thylene  glycol-dimethyl e the r )  t o  the  s o l u t i o n s  has  
extended s e n s i t i v i t y  l i m i t s  as much as s ix- fo ld .  Using s i l i c a - f r e e  
so lu t ions ,  t h i s  technique has  proven very  u s e f u l  i n  major-element 
ana lys i s  of very s m a l l  amounts of geologic  materials. 
Se lec ted  Geochemical Appl ica t ions  
O p t i c a l  emission spectroscopy is an  ind ispensable  instrument  
i n  t h e  modern geochemical laboratory.  Abundances of 20 t r a c e  and 
minor elements i n  dolostonea and dolomites  have been obtained spec- 
t rog raph ica l ly  us ing  an air-jet  t o  s t a b i l i z e  the  a r c  column and t o  
suppress s e l e c t i v e  v o l a t i l i z a t i o n .  S t a t i s t i c a l  a n a l y s i s  of t hese  
data  y i e l d  sepa ra t e  populat ions of t he  two major l i t h o l o g i c  varieties 
of do lomi t ic  carbonate  rocks f o r  c e r t a i n  t r a c e  elemnts. 
The contents  of many trace elements ( B ,  Co, C r ,  Cu, Mn, Mo, 
N i ,  P ,  Pb, Sn, T i ,  V ,  Y ,  and Z r )  have also been determined spec t ro-  
g r a p h i c a l l y  us ing  an a i r - je t  and indium as an  i n t e r n a l  s tandard  i n  
geologic  re ference  materials ( l imestones,  dolomites ,  s h a l e s ,  g r a n i t e s ,  
c lays) .  Geochemical behavior  of t r a c e  elements dur ing  baux i t e  and 
k a o l i n i t e  formation by the  weathering of a n d e s i t e  lava under humid 
t r o p i c a l  condi t ions  i n  Malaysia was s tud ied  by ob ta in ing  a n a l y t i c a l  
d a t a  f o r  C r ,  Co, Gay Mn, and N i  spec t rographica l ly .  The problem 
of the  geochemical behavior of boron during the  metamorphism of 
carbonate  rocks requi red  a n a l y t i c a l  data. These were obtained us ing  
a d-c arc emission spectrochemical  technique. 
Ana ly t i ca l  s epa ra t ion  and enrichment opera t ions  involving ion 
exchange and so lven t  e x t r a c t i o n  have been i n t e g r a t e d  wi th  spec t ro-  
chemical techniques i n t o  sys t e m s  of complete a n a l y s i s  of n a t u r a l l y  
occur r ing  s i l i c a t e s  such as b a s a l t ,  u l t r amaf i c s ,  s y e n i t e ,  s h a l e ,  
s o i l ,  and s tony me teo r i t e s  f o r  the  fol lowing elements: Ag, A l ,  Au, 
B a y  C a y  Cd, Ce, C s ,  Cu, Fe,  G a ,  I n ,  La,  L i ,  Mn, Mn, Mo, N a ,  Nd, N i ,  
Pb, plat inum group, Rb, Sc,  S i ,  Sn, S r ,  T i ,  T 1 ,  V. Y ,  Zn, and Z r .  
Spectrographic  de te rmina t ion  of rhenium i n  molybdenite wi th  
d-c arc e x c i t a t i o n  r e q u i r e s  i t s  preconcent ra t ion  by s o l v e n t  ex t r ac -  
t i o n  from bas i c  s o l u t i o n  as the  quaternary amine ( t e t r a b u t y l  ammonium 
bromide) wi th  4-methyl-2-pentanone. A measured p r o t i o n  of a n  HC1 
s o l u t i o n  of t h e  r e s idue  remaining after wet-ashing (wi th  CoCl 
as an  i n t e r n a l  s tandard)  i s  placed on a p rev ious ly  prepared e l e c t r o d e ,  
d r i e d ,  and spectrographed. 
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S o l u t i o n  techniques have been appl ied t o  d i r e c t - r e a d i n g  emission 
spectroscopy f o r  t he  p a r t i a l  a n a l y s i s  (A1203, CaO,  Fe203, T i 0 2 ,  MgO, 
and Mn 0 ) of h i g h - s i l i c a  materials such as q u a r t z i t e ,  f l i n t ,  sand, 
s il ica r e f r a c t o r i e s  , impact i tes , and t ek t i t  e s . 2 3  
Zinc can be used as an  i n d i c a t o r  of t h e  thermal h i s t o r y  exper i -  
enced by t e k t i t e s  and was  determined spec t rog raph ica l ly  wi th  the  
argon d-c  arc down t o  2 ppm i n  a 20 mg sample. 
c a r e f u l l y  s e l e c t e d  t e k t i t e  specimens r ep resen ta t ive  of every known 
s t r ewnf i e ld  showed z inc  concent ra t ions  ranging from 5 t o  50 ppm. 
Analysis  of over  65 
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X-RAY FLUORESCENCE SPECTROSCOPY 
I n  r ecen t  y e a r s ,  X-ray f luorescence  spectroscopy has been 
applied t o  many a n a l y t i c a l  problems, o f t e n  y i e l d i n g  r e s u l t s  w i th  
higher  p r e c i s i o n  and a t  g r e a t e r  speed than would be p o s s i b l e  by 
other  methods. 
the sample as w e l l  as the  complexity of t he  materials make determina- 
t i ons  by w e t  chemical methods d i f f i c u l t .  
It has been p a r t i c u l a r l y  u s e f u l  where the  s i z e  of 
X-ray f luorescence  spectroscopy is  concerned wi th  the  a n a l y s i s  
of c h a r a c t e r i s t i c  e lec t romagnet ic  r a d i a t i o n  (2,000-8,000 A) emi t ted  
by the  elements as a r e s u l t  of e x c i t a t i o n  by i r r a d i a t i o n  wi th  
primary X-rays, gene ra l ly  from a n  X-ray tube. E x c i t a t i o n  by prim- 
ary X-ray r a d i a t i o n  leads  t o  secondary X-ray emission by a l l  e lements  
of atomic number th ree  o r  higher .  The frequency of t he  emi t ted  X- 
ray l i n e s  depends on the  atomic number. 
with 2>12, s e v e r a l  series of X-ray l i n e s  (K, L, M---) are emi t ted  
wi th in  a frequency range measurable wi th  s tandard  equipment. For 
any given atom, the  wavelengths of t h e  s p e c t r a l  series increase- -  
the K l i n e s  have the  s h o r t e s t  wavelengths and the  M spectrum t h e  
longest  wavelengths. 
X-ray spectroscopy,  b u t  r ecen t  improvements i n  d e t e c t o r s  and c r y s t a l s  
have made t h e  long wavelength M s p e c t r a  u s e f u l  a n a l y t i c a l l y .  
For almost a l l  elements 
K and L s p e c t r a  are used predominantly i n  
An XRF u n i t  b a s i c a l l y  comprises a power source  and vo l t age  
r egu la to r ,  an X-ray tube (pr imary e x c i t a t i o n  source--Pt ,  C r ,  W, 
Mo, e tc . ) ,  a beam co l l ima t ing  system, an  ana lyz ing  c r y s t a l  of 
known d-spacings,  a de tec tor -count ing  system, and a goniometer 
f o r  p r e c i s e  measurement of t he  r e f l e c t e d  angles .  
atmosphere pa ths ,  helium o r  a vacuum, permi ts  t ransmiss ion  of the  
longer wavelengths. Emergent X-rays are de tec t ed  by means of 
s c i n t i l l a t i o n  counters  o r  va r ious  types of g a s - f i l l e d  p ropor t iona l  
counters.  The X-ray quanta  are converted i n t o  e lectr ical  pu l ses  
which are r e g i s t e r e d  on e l e c t r o n i c  consoles  con ta in ing  scalers, 
ratemeters, automatic  read-out  systems, and s t r i p  c h a r t  recorder .  
The use  of con t ro l l ed -  
The method is  nondes t ruc t ive  and can be appl ied  t o  l i q u i d  o r  
s o l i d  samples. 
p r o p o r t i o n a l i t y  of f luo rescen t  i n t e n s i t i e s  t o  concentrat ion.  
i n t e n s i t i e s  depend, however, no t  only on the  concent ra t ion  of the  
element being analyzed bu t  on the  composition of t he  t o t a l  sample 
as w e l l .  Deviations from l i n e a r i t y  may be p o s i t i v e  (enhancement) 
o r  nega t ive  ( abso rp t ion ) ,  and the  e f f e c t  i s  commonly r e f e r r e d  t o  
as the  "matrix e f f e c t "  o r  "interelement e f f e c t . "  The e f f e c t  i s  
u s u a l l y  minimized by d i l u t i o n ,  by add i t ion  of a heav i ly  absorbing 
element,  o r  by co r rec t ions  based on weight f r a c t i o n s  and mass 
abso rp t ion  c o e f f i c i e n t s .  Assuming con t ro l l ed  ins t rumenta l  condi- 
t i o n s  and uniform sample p repa ra t ion ,  accuracy and r e p r o d u c i b i l i t y  
of r e s u l t s  w i l l  depend upon a t t a i n i n g  optimum s igna l - to -no i se  r a t i o s  
Quan t i t a t ive  a n a l y s i s  is r e a l i z e d  because of the  
Recorded 
l and reasonably b r i e f  count ing times. 
Analyzing C r y s t a l s  f o r  X-ray Spectroscopy 
I n  analyzing c r y s t a l s  used f o r  X-ray spectroscopy,  t he  follow- 
ing d a t a  are sought: I n t e r p l a n a r  spacing, degree of c r y s t a l  per-  
f e c t i o n ,  minimal f luorescence  of c r y s t a l ,  c o e f f i c i e n t  of r e f l e c t i o n  
f o r  f i r s t - o r d e r  r e f l e c t i o n ,  and c o e f f i c i e n t  of r e f l e c t i o n  f o r  h igher  
order  r e f l e c t i o n s .  
and the  c r y s t a l  ranges f o r  t he  K and L l i n e s  of t he  elements are 
shown i n  f i g u r e  3A and t a b l e  4. Analyzing c r y s t a l s  such as a l k a l i -  
ac id  malonates ,  sucrose ,  and p e n t a e r y t h r i t o l  (PET) have been employed 
i n  the  X-ray f luorescence  a n a l y s i s  of s i l i c o n ,  aluminum, and o t h e r  
low atomic number elements. Of these  c r y s t a l s ,  PET g ives  the  
h i g h e s t  count rate f o r  s i l i c o n  and aluminum. 
C r y s t a l s  commercially a v a i l a b l e  f o r  X-ray a n a l y s i s  
I 
R e f l e c t i v i t i e s  of analyzing c r y s t a l s  vary  with ind iv idua l  c r y s t a l s  
and wavelengths;  d i f f e r e n t  c r y s t a l s  of t he  same type vary by as much 
~ 
as a f a c t o r  of two. C r y s t a l  su r f ace  genera l ly  a f f e c t s  performance. 
Etched su r faces  a r e  more h igh ly  r e f l e c t i n g  a t  s h o r t e r  wavelengths and 
pol ished su r faces  more e f f i c i e n t  a t  longer wavelengths (ADP and PET) 
because rough-surfaced c r y s t a l s  tend t o  absorb the  d i f f r a c t e d  longer  
wavelengths. The d e l i b e r a t e  in t roduct ion  of elastic o r  p las t ic  s t r a i n  
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i n  a given c r y s t a l  can increase  the d i f f r a c t i o n  i n t e n s i t y  wi thout  
excess ive ly  broadening the  d i f f r a c t e d  l i n e .  
Table 4.--Analyzing c r y s t a l s  f o r  X-ray spectroscopy 
(from Adler and Rose, 1965) 
Crys ta l  
S io2 ( quar tz )  
Topaz 
S io2 ( quar tz )  
LiF 
NaC 1 
1 
Ref lec t ing  p lanes  2d, A R e f l e c t i v i t y  
5052 1.624 Low 
303 2.712 Var iab le  
10 12 2.750 Low 
200 4.026 High 
200 5.641 Do. 
s iL  
F l u o r i t e  
Ge 
S i 0  (qua r t z )  
S i 0  (qua r t z )  
PET ( p e n t a e r y t h r i t o l )  
EDDT ( e thylene  diamine 
ADP (ammonium dihydrogen 
Gypsum 
Mica 
KAP (potassium ac id  ph tha la t e )  
L 
2 
2 
d i t a r  trate) 
phosphate) 
3 
111 
111 
111 
1011 
10 10 
002 
020 
110 
020 
002 
10 10 
6.271 
6.32 
6.54 
6.686 
8.510 
8.74 
8.803 
10.64 
15.12 
19.92 
26.4 
Do. 
Do. 
Do. 
Do. 
Medium 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
'Topaz is used t o  minimize s p e c t r a l  i n t e r f e r e n c e  (h igh  s p e c t r a l  
'Pr imari ly ,  s i l i c o n  is  used wi th  in te rmedia te  and heavy atomic 
re so lu t ion  c r y s t a l ) .  
numbered elements whereas germanium is used wi th  l i g h t  atomic numbered 
elements,  i n  cases  where 2d o rde r  i n t e r f e r e n c e s  occur (bo th  suppress ing  
Ld order  r e f l e c t i o n s ) .  
3Mica is used as curved c r y s t a l  (microprobe).  
1 1 I I 
TOPAZ 1 
Li F 
No CI I 
EDDT I 
ADP 1 
cn 
W 
A 
Y 
z 
TOPAZ I 1 
Li F 
NaCI 7
EDDT m-1 
PET 
1 ADP, , 1 L I 
0 10 20 30 40 50 60 70 80 90 
Atomic Number 
Figure  3A.--Crystal ranges f o r  K and L l i n e s  of t he  elements. Shaded 
areas i n d i c a t e  optimum range of t h e  c r y s t a l .  
Geiger - Argon 
0 IO 20 30 40 50 60 70 80 90 100 
Atomic Number 
Figure  3B.--Detector ranges f o r  K and L l i n e s  of t he  elements. 
Shaded areas i n d i c a t e  optimum range of the  counter.  
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Spectrometers wi th  focus ing  curved c r y s t a l s  are used inc reas -  
ingly f o r  microanalys is  as well as macroanalysis.  
of ana lyz ing  c r y s t a l s  i s  ava i l ab le .  
EDDT, PET, ADP, U P ,  N a C 1 ,  q u a r t z ,  gypsum, topae,  and Langmuir- 
Blodgett  soap f i lms  ( f o r  very  10118 wavelengths). A l ead  l ignocer -  
a t e  mul t i l aye r  soap-f i lm s t r u c t u r e  has  been used t o  d i s p e r s e  the  K 
emission l i n e s  of boron and bery l l ium r e s u l t i n g  from both e l e c t r o n  
and X-ray e x c i t a t i o n .  
s tearate-decanoate  have been used t o  measure i n t e n s i t i e s  of oxygen 
and f l u o r i n e  K emission l i n e s  from oxides  and f l u o r i n e  compounds. 
A wide v a r i e t y  
The moat commonly used are LiF, 
Curved ana lyz ing  c r y s t a l s  of U P  and lead  
X-ray f luorescence  a n a l y s i s  i s  o f t e n  complicated by i n t e r f e r e n c e s  
of h igher  o rde r  r e f l e c t i o n s ,  as i n  the  case of t he  Nb-Ta and Zr-Hf 
systems. The use  of c r y s t a l s  ( s i l i c o n  o r  germanium) whose second 
order  r e f l e c t i o n s  are missing o r  weak is one method of overcoming 
or  minimizing these  i n t e r f e r e n c e s ,  For mica, odd o rde r s  are very  
s t rong  and even o rde r s  weak. This  phenomenon produces a crowding 
of the spectrum i n  the  l i g h t  element region. 
De t ec t o r s  
Detec tors  used i n  X-ray emission spectroscopy may be e i t h e r  
g a s - f i l l e d  Geiger and p ropor t iona l  d e t e c t o r s ,  pho tomul t ip l i e r s ,  
s c i n t i l l a t i o n  counters ,  o r  h igh - re so lu t ion  semiconductor devices .  
Because of i t s  ve ry  high e f f i c i e n c y  f o r  t h e  most u s e f u l  a n a l y t i c a l  
region from 3 A down, the  s c i n t i l l a t i o n  counter  c o n s i s t i n g  of a 
tha l l ium-ac t iva ted  NaI phorphor is c u r r e n t l y  the  most widely used 
X-ray de tec to r .  
commercially a v a i l a b l e  d e t e c t o r s  i s  presented  i n  f i g u r e  3B. 
The optimum elemental  range f o r  some of the  
High-resolut ion semiconductor d e t e c t o r s - - i n  p a r t i c u l a r ,  
semiconductor diodes of s i l i c o n  and germanium developed p r imar i ly  
f o r  nuc lear  ganuna-ray spectrometry--have many p o t e n t i a l  uses  i n  
X-ray ana lys i s .  Data i n d i c a t e  t h a t  s i l i c o n  d iodes  3 nun t h i c k  can 
serve as good d e t e c t o r s  of K X-rays of l i g h t e r  elements (UP t o  
barium, 2 1 5 6 )  and also f o r  t he  measurement of L X-rays of t h e  
heav ie r  elements. For the  heavier  elements (high-energy K X-rays 
up t o  120 Kev), l i t h ium-dr i f t ed  germanium i s  the  favored counter  
material. Rugged minia tur ized  instruments f o r  rap id  nondes t ruc t ive  
q u a l i t a t i v e  a n a l y s i s  of geologic  ma te r i a l s  both i n  the  f i e l d  and 
i n  the  l abora to ry  a r e  being developed. 
X-ray Tubes 
A modern X-ray spectrometer  is  b u i l t  around an X-ray tube 
having high-energy output ,  s p e c t r a l  p u r i t y ,  and long-term s t a b i l i t y .  
U n t i l  r e c e n t l y ,  W and Mo t a r g e t  tubes were the  only ones commonly 
obta inable .  However, a number of new tubes ( P t ,  C r ,  T i ,  A l ,  Rh, 
Ag, Cu, and a dua l  t a r g e t  Cr-W tube) s u i t a b l e  f o r  optimum e x c i t a t i o n  
of s p e c i f i c  wavelengths have become commercially ava i l ab le .  They 
have a l s o  provided increased l i n e  i n t e n s i t i e s  as w e l l  as improved 
s igna l - to-noise  r a t i o s .  
a b l e  tube wi th  changeable t a r g e t s ,  rep laceable  f i l amen t s ,  and a 
cont inuously pumped u l t r a s o f t  X-ray source,  q u a n t i t a t i v e  a n a l y s i s  
by X-ray spectrometry has been extended i n t o  the  very  l i g h t  element 
range (magnesium through boron). Use of a vacuum i s o l a t i o n  g a t e  
permits  the convenient u t i l i z a t i o n  of extremely t h i n  d e t e c t o r  
windows ( e . g . ,  1l.r polypropylene f i lm) which can be changed without  
d i s t u r b i n g  tube vaccum. Various modif icat ions of t he  Henke tube 
have been reported i n  the  l i t e r a t u r e .  Recently,  t he  a n a l y s i s  of 
C, 0, F, N a ,  and Mg has been g r e a t l y  improved by the  a p p l i c a t i o n  
of m u l t i l a y e r  ana lyzers  t o  u l t r a s o f t  X-ray spectroscopy (Langmuir- 
Blodget t  type such as s t e a r a t e  and l i gnoce ra t e  systems wi th  2d 
spacings equal  t o  100 and 130 A, respec t ive ly) .  
With the  development by Henke of a demount- 
Some Instrumental  Developments 
Analysis  wi th  vacuum X-ray quantometers ( a l s o  known as poly- 
chromators o r  mult ichannel  ana lyzers )  i s  r ap id  and compatible wi th  
computer technology. Programed scanning spectrometers  have a l s o  
been incorpora ted ,  permi t t ing  e i t h e r  slow o r  rap id  scanning over  
a predetermined wavelength range and the i n t e g r a t i o n  of s p e c t r a l  
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i n t e n s i t i e s  a t  s p e c i f i c  wavelengths. 
with as many as 22 channels are ava i l ab le .  
a l l y  now are s i n g l e  goniometers wi th  s e q u e n t i a l  programing c a p a b i l i t y .  
Programed a n a l y s i s  systems 
Also a v a i l a b l e  commerci- 
Associated Chemical Techniques 
Quan t i t a t ive  X-ray f luorescence  a n a l y s i s  may involve preconcen- 
t r a t i o n  o r  i so l a t ion .  Such concen t r a t ion  extends the  a p p l i c a b i l i t y  
of X-ray f luorescence  a n a l y s i s  t o  the  de te rmina t ion  of microgram 
q u a n t i t i e s ,  thereby providing improved s e n s i t i v i t y  and minimized 
absorp t ion  and enhancement e f f e c t s .  A f u r t h e r  advantage is  t h a t  
s tandards covering 
prepared from so lu t ions .  
the de te rmina t ion  of microgram q u a n t i t i t e s  of zirconium ( p r e c i p -  
i tated as the  para-bromomandelate) and t o  the  de te rmina t ion  of 
trace amounts of ch lo r ides .  S i l v e r  c h l o r i d e ,  f o r  example, i s  
p r e c i p i t a t e d  and f i l t e r e d  i n t o  a M i l l i p o r e  f i l t e r  which is  exposed 
t o  the X-ray beam as a t h i n  f i l m ,  producing a l i n e a r  r e l a t i o n s h i p  
between i n t e n s i t y  and concent ra t ion .  
t he  a n t i c i p a t e d  a n a l y t i c a l  composition can  be 
These techniques have been app l i ed  t o  
Measurement of X-ray i n t e n s i t i e s  of preconcentrated elements  
r equ i r e s  some s o r t  of support  medium. 
c e l l u l o s e  powder, borax, l i t h i u m  b o r a t e ,  i on  exchange r e s i n s ,  
Mi l l ipore  f i l t e r s ,  f i l t e r  paper ,  alumina, g l a s s - f i b e r  f i l t e r s ,  
and plast ic  f i lms ,  To reduce ma t r ix  e f f e c t s ,  an  i n t e r n a l  s tandard  
or a heavy metal "buffer" can  be incorporated i n t o  t h e  suppor t  media. 
Systematic s t u d i e s  have shown t h a t  h igh-prec is ion  trace ana lyses  
a r e  poss ib l e  us ing  ion  exchange materials no t  only t o  s e p a r a t e  and 
c o l l e c t  elements bu t  a l s o  as suppor t  media. Using an X-ray m i l l i -  
probe wi th  f u l l y  focused curved c r y s t a l  o p t i c s ,  as l i t t l e  as 0.01 
yg of metals taken up on ve ry  s m a l l  ion  exchange d i s c s  has  been 
determined. Combined ion exchangex- ray  spec t roscopic  techniques 
should f i n d  wide a p p l i c a b i l i t y  i n  geochemical prospec t ing ,  t h e  
study of stream p o l l u t i o n ,  and minera l  and rock ana lys i s .  
Commonly used media inc lude  
Selec ted  Geochemical Appl ica t ions  
Comprehensive t rea tments  of t he  p r i n c i p l e s  of q u a n t i t a t i v e  
X-ray a n a l y s i s  have been presented by Liebhafsky and co l leqgues  
(1960). Adler and Rose (1965) and Campbell and co-workers (1962, 
19 66) have reviewed the  fundamentals and r e c e n t  l i t e r a t u r e  of micro- 
and t race-element  ana lys i s .  
Accurate de te rmina t ions  of Z r  and Hf are of importance n o t  
on ly  wi th  r e spec t  t o  Hf/Zr r a t i o s  and poss ib l e  Ear th-meteor i te  
f r a c t i o n a t i o n  bu t  a l s o  f o r  t e s t i n g  models of nuc leosynthes is  and 
t h e i r  r e l a t e d  cosmic abundance curves.  X-ray f luorescence  techni-  
ques have provided meaningful data .  
of n i o b a t e - t a n t a l a t e  o r e  concen t r a t e s  has brought speed and accuracy 
t o  de te rmina t ions  t h a t  are d i f f i c u l t  to do chemically.  F luorescent  
X-ray spectrometry,  u s ing  s t ron t ium as  an  i n t e r n a l  s tandard ,  has  
y ie lded  r e s u l t s  comparable t o  those obtained by gamma-ray spec t ro-  
metry i n  the de te rmina t ion  of thorium i n  monazite and o t h e r  rare- 
e a r t h  ores .  
X-ray f luorescence  a n a l y s i s  
An X-ray f luorescence  method has  been developed t h a t  enables  
q u a n t i t a t i v e  de te rmina t ion  of major c o n s t i t u e n t s  i n  very  s m a l l  
amounts (0.2-5 mg) of rocks,  mine ra l s ,  impac t i t e s ,  t e k t i t e s ,  and 
me teo r i t e s  (Rose and o t h e r s ,  1965). In  t h i s  technique,  t he  sample 
s o l u t i o n  is absorbed onto  powdered chromatographic paper ,  which is  
d r i e d  and p e l l e t e d  and then  exposed t o  t h e  X-ray beam. 
X-ray mi l l i p robes  have been developed f o r  mine ra log ica l  a n a l y s i s  
of s m a l l  samples o r  i nc lus ions  from about 0.1 t o  1.5 m i n  diameter.  
Concentrat ion p r o f i l e s  i n  pol i shed ,  f l a t  s e c t i o n s  of rocks are 
r a p i d l y  determined by co l l ima t ing  t h e  primary X-ray beam a t  the  
sample and a c c u r a t e l y  moving the  sample a c r o s s  the  X-ray beam wi th  
a motor d r i v e n  micrometer. 
The use of s o f t  X-ray sources  (CuL f o r  B ,  C ,  N ,  and 0; Alk f o r  
0, F, N a y  and Mg; AgL f o r  A l ,  S i ,  P ,  S ,  C 1 ;  and C r K  f o r  K ,  Ca, and 
T i )  according t o  the  wavelength reg ion  of i n t e r e s t ,  coupled wi th  
s tearate ,  KAP, o r  PET analyzing c r y s t a l s  i n  vacuum system, holds  
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grea t  promise f o r  the a n a l y s i s  of these  elements,  
Computer programs (such a s  For t r an  11) have been devised t o  
d e t e c t  and c o r r e c t  f o r  ins t rumenta l  d r i f t ,  t o  compute and s t a t i s t -  
i c a l l y  eva lua te  c a l i b r a t i o n s ,  t o  t es t  s tandards  f o r  contaminat ion,  
and t o  t e s t  r e p l i c a t e s  of unknowns f o r  p rec i s ion .  Using curved 
c r y s t a l s ,  modified instruments p e r m i t  the  examination of very  small  
a reas  (about  0.5 nun i n  diameter)  f o r  i d e n t i f i c a t i o n  of s i n g l e - g r a i n  
inc lus ions  o r  the s tudy  of the  d i s t r i b u t i o n  of s e l e c t e d  elements 
along a chosen t raverse .  
providing elemental  r a t i o s  can be obtained from recorded X-ray 
spec t ra .  
Rapid semiquan t i t a t ive  de te rmina t ions  
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THE SIMULTANEOUS DETERMINATION OF C s ,  Hf, AND T a  
BY NEUTRON ACTIVATION 
By Paul  Greenland 
One of the  major d i f f i c u l t i e s  i n  i d e n t i f y i n g  the  pa ren t  m a t -  
e r ia l  of t e k t i t e s  stems from unce r t a in ty  of the importance t o  be 
a t t r i b u t e d  t o  chemical f r a c t i o n a t i o n  due t o  s e l e c t i v e  v o l a t i l i z a t i o n  
dur ing  the  fus ion  process. One approach t o  t h i s  problem i s  the  
s tudy  of  v o l a t i l e / i n v o l a t i l e  element r a t i o s  i n  t e k t i t e s  and compar- 
i son  of these  r e s u l t s  wi th  similar r a t i o s  found f o r  c r a t e r  materials 
of known m e t e o r i t i c  impact o r ig in .  As a f i r s t  s t e p  i n  t h i s  program, 
a procedure f o r  the simultaneous de te rmina t ion  of Cs ( a  v o l a t i l e  
element) and Hf and Ta  ( i n v o l a t i l e  elements) by a neutron activa- 
t i o n  technique has  been developed. 
SUMMARY OF PROCEDURE 
Samples of about 100 mg were i r r a d i a t e d  f o r  8 hours i n  a thermal 
-2  -1 
sec neutron f l u x  of 1013 neutrons c m  
Laboratory r eac to r .  Af t e r  a de lay  of a t  least 10 days t o  permit 
decay of sho r t - l i ved  a c t i v i t i e s ,  t he  sample w a s  fused wi th  N a  0 2 2  
i n  t h e  presence of c a r r i e r s  f o r  Ta and Hf. The f u s i o n  cake w a s  
leached wi th  water conta in ing  10 mg Cs CO 
a c t i v i t y  and w a s  f i l t e r e d .  The p r e c i p i t a t e  was washed c a r e f u l l y  
t o  ensure  t h a t  C s  would appear q u a n t i t a t i v e l y  i n  the  f i l t r a t e .  The 
f i l t r a t e  w a s  counted on a 3 x 5 inch NaI (T l )  s c i n t i l l a t i o n  c r y s t a l  
coupled t o  a 256-channel analyzer .  The p r e c i p i t a t e  w a s  d i sso lved  
i n  a d i l u t e  HF-HC1 mixture ,  and the  r a re  e a r t h s  were p r e c i p i t a t e d  
us ing  La as a carrier. The f i l t r a t e  from t h i s  w a s  passed through 
an  anion-exchange column which re ta ined  the  fluorocomplexes of Hf 
and Ta  while  most o the r  elements were washed through. Hf w a s  then  
e l u t e d  wi th  d i l u t e  HF-HC1, scavenged f o r  rare e a r t h s  as above, 
p r e c i p i t a t e d  wi th  MI OH, and d isso lved  i n  d i l u t e  HF f o r  counting. 
Af t e r  f u r t h e r  washing, T a  w a s  e l u t e d  from the  column us ing  a d i l u t e  
u s ing  the  Naval Research 
as carrier f o r  the  Cs 2 3  
4 
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mixture of HFnNH C 1  as t h e  s o l v e n t ,  p r e c i p i t a t e d  wi th  NH OH,  and 
dissolved i n  d i l u t e  HF f o r  counting. A f t e r  count ing,  the  chemical 
y i e ld  of the  procedure f o r  Hf and T a  w a s  determined by i r r a d i a t i n g  
the s o l u t i o n s  and comparing the  induced a c t i v i t y  with s tandard 
s o l u t i o n s ;  t h e  chemical y i e l d  of C s  was assumed t o  be 100 percent .  
4 4 
DISCUSSION OF PROCEDURE 
Using t h i s  procedure,  only T a  appears  i n  a reasonably rad io-  
I n  t h e  C s  f r a c t i o n ,  peaks due t o  Cr5’ and 
(from a n  n ,  p r e a c t i o n  on Fe54) are r o u t i n e l y  observed while  
233 59 
) , S C ~ ~ ,  and Fe 
chemically pure s ta te .  
Mn 
Fe5’ and Sc46 are a l s o  f r e q u e n t l y  present .  
Pa233 (from B-decay of Th are u s u a l  contamin- 
ants. The gamma spec t romet r ic  count ing  system i n  use here  e a s i l y  
resolves  these  i n t e r f e r e n c e s ;  t hus ,  t h i s  procedure may be considered 
a semiinstrumental  one s i n c e  only  l i m i t e d  radiochemical s e p a r a t i o n s  
a re  employed. 
54 
I n  t h e  Hf f r a c t i o n ,  
The u s e f u l  s e n s i t i v i t y  l i m i t  o f  t h i s  procedure i s  about  0 .01  
ppm Cs, Hf, Ta. Although t h i s  i s  e n t i r e l y  s a t i s f a c t o r y  f o r  most 
samples, it could be g r e a t l y  lowered by i n c r e a s i n g  sample s i z e  and 
(or)  i r r a d i a t i o n  t i m e .  The accuracy and p r e c i s i o n  of t h i s  method 
i s  p r e s e n t l y  being evaluated by analyzing a number of rocks,  in -  
cluding several t h a t  have been previous ly  analyzed by o t h e r  tech- 
niques. Analyses of t e k t i t e s  and crater  materials w i l l  immediately 
follow the  demonstration of acceptab le  accuracy and p r e c i s i o n  of 
t h e  procedure. 
N 6 7  1 9 5 0 8  
SPECTROGRAPHIC DETERMINATION OF Z I N C  AND SILVER 
I N  SILICATES USING AN ARGOWD-C ARC 
By Charles Anne11 
INTRODUCTION 
The v o l a t i l e  elements z inc  and si lver can ac t  as i n d i c a t o r s  
provid ing  information on the thermal h i s t o r y  of t e k t i t e s  and o t h e r  
n a t u r a l l y  occurr ing  s i l icates  and a l s o  on the  e x t e n t  and e f f e c t s  of 
d i f f e r e n t i a l  v o l a t i l i z a t i o n  processes  occurr ing  dur ing  t h e i r  f o r -  
mation. Schnetz le r  and Pinson (1963) have repor ted  a range of 
approximately 1 t o  20 ppm z i n c  f o r  42 t e k t i t e s  from va r ious  strewn- 
f i e l d s .  They a l s o  presented d a t a  obtained by o t h e r  i n v e s t i g a t o r s  
f o r  t he  concent ra t ions  of z inc  i n  var ious terrestrial s i l icates  
which averaged from 16 ppm i n  sandstones t o  95 ppm i n  sha les .  
spec t rographic  procedure (Bastron and o the r s ,  1960) g e n e r a l l y  
employed i n  the  Geological  Survey labora tory  has  a d e t e c t i o n  l i m i t  
of 300 ppm Zn, which prec ludes  i t s  use  f o r  the  de te rmina t ion  of 
z inc  i n  t e k t i t e s  and o t h e r  s i l i c a t e s .  
The 
Se l f - abso rp t ion  and s c a t t e r i n g  of t he  emi t ted  l i g h t  occur when 
h igh  concent ra t ions  of atoms of the  same spec ie s  are p resen t  i n  the  
arc. 
sugges ts  t h a t  the  most e f f i c i e n t  e x c i t a t i o n  can be e f f e c t e d  by us ing  
a r e l a t i v e l y  cool  arc. 
prolonged per iods  of v o l a t i l i z a t i o n  and enhancement of l i n e  i n t e n s i -  
tiem can  be achieved by us ing  an  i n e r t  gas such as argon as the  
a r c i n g  atmosphere. They a l s o  repor ted  t h a t  t he  use  of a n  a l k a l i  
metal sa l t  has  l i t t l e  apparent  e f f e c t  on the  l i n e  i n t e n s i t i e s  of 
v o l a t i l e  elements arced i n  argon--an observa t ion  s u b s t a n t i a t e d  i n  
the  course  of t h i s  study. 
The v o l a t i l i t y  of z i n c  a t  r e l a t i v e l y  low temperature (bp 907OC) 
Vallee and Baker (1956) have repor ted  t h a t  
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The use of helium as the  a r c i n g  atmosphere f o r  z i n c  determina- 
t i o n s  was d isappoin t ing .  The higher  anode temperature engendered 
by use of helium r e s u l t e d  i n  g r e a t l y  suppressed Zn l i n e  i n t e n s i t i e s ,  
i n  agreement with e a r l i e r  r e p o r t s  (Val lee  and o t h e r s ,  1950; Vallee 
and P e a t t i e ,  1952). A spectrochemical  procedure f o r  determining 
a number of elements i n  t r a n s i s t o r - g r a d e  s i l i c o n  carb ide  by an  
argon-d-c a r c  has been reported (Morrison and o t h e r s ,  1960). I n  
t h i s  c a se ,  the l e v e l  of i m p u r i t i e s  i s  i n  t h e  p a r t s  p e r  b i l l i o n  t o  
l o w  p a r t s  p e r  m i l l i o n  range. 
GeO which acted as an  i n t e r n a l  s tandard  f o r  more v o l a t i l e  elements.  
T h e  spectrochemical de te rmina t ion  o f  trace elements i n  s i l i c o n  
dioxide us ing  an  a rgowa-c  arc has  been descr ibed  by Vecsernyes 
(1961) .  A method i s  presented here  f o r  t h e  de te rmina t ion  of trace 
concentrat ions of z i n c  and s i l v e r  i n  s i l i ca tes .  
The samples were mixed wi th  10 ppm 
2 '  
ANALYTICAL CONDITIONS 
I n  the  Geological Survey labora tory ,  c o n t r o l l e d  atmospheres 
have been e f f e c t i v e l y  employed us ing  a n  open-top gas j e t  wi th  t h e  
c o n t r o l l i n g  gas sweeping around the  sample anode (Helz ,  1964). An 
argon gas flow of 6.6 l i t e rs  p e r  minute coupled w i t h  a d-c  a r c  of 
25 amperes produced a very  s teady  arc. A "jumping p l a t e ' '  o f  10 
second exposures ind ica ted  complete v o l a t i l i z a t i o n  of z i n c  from a 
v a r i e t y  of s i l i ca t e s  i n  less than 1 minute u s i n g  a powdered g r a p h i t e  
admixture wi th  20 mil l igrams of t h e  pulver ized sample. The Zn 
3345.02 l i n e  w a s  used i n  a l l  t he  work. 
A v a r i e t y  of exposure condi t ions  were t e s t e d  t o  e s t a b l i s h  t h e  
bes t  condi t ions  r e q u i r i n g  t h e  least c r i t i c a l  adjustments.  These 
condi t ions are summarized i n  t a b l e  1. It should be mentioned t h a t  
t h e  undercut sample e l e c t r o d e  (anode) , designated "S-13" by the  
ASTM (1964) , 
A t  f i r s t  carbon w a s  s e l e c t e d  because of i t s  r e l a t i v e l y  low h e a t  
conduct ivi ty .  Its use r e s u l t e d  i n  s l i g h t l y  f a s t e r  v o l a t i l i z a t i o n  
of the sample components. However, c e r t a i n  samples were s u b j e c t  
to a welling-up i n  the  e l e c t r o d e  c ra t e r ,  causing continuous l i g h t  
i s  produced wi th  e i t h e r  carbon o r  g r a p h i t e  material .  
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emission from the  r e s u l t i n g  incandescent p a r t i c l e s .  The r e s u l t a n t  
spectrum had a p r o h i b i t i v e l y  heavy background and l i n e  broadening, 
prevent ing  accu ra t e  Zn determinat ions.  
e l e c t r o d e ,  wi th  lower h e a t  r e t e n t i o n ,  e l imina ted  t h i s  d i f f i c u l t y .  
Use of t he  g raph i t e  S-13 
Table 1. --Spectrographic condi t ions  
Elec t rodes  Undercut 1/4- in. g raph i t e  anode, type S- 13 ; and 
a 1/8-in.  g raph i t e  counter  e lec t rode .  A 3-mm 
a n a l y t i c a l  gap. 
E x c i t a t i o n  An 8 amp d-c a r c  f o r  5 sec, then switched t o  25 amp 
f o r  the remaining 85 sec. A 6.6 l i t e r  p e r  min 
f low of argon around the  e lec t rode .  
Spectrograph An Eagle-mount, 3-m g r a t i n g  spectrograph set  f o r  
2d o rde r  i n  t h e  3,000-3,680 A s p e c t r a l  region. 
A 45-cm c y l i n d r i c a l  qua r t z  l ens  a t  the  25-p s l i t  
focusing the  middle 3d of t he  a r c  gap on the  
gra t ing .  
Photography Eastman 111-0 emulsion, p l a t e .  Developed f o r  4 
min a t  1 8 O C  i n  D-19 developer.  
C a l i b r a t i o n  2 s t e p ,  50/100 percent  T ,  Fe spectrum recommended 
method of ASTM (19 64). 
STANDARDS 
A series of z i n c  s tandards  was  prepared by success ive ly  d i l u t -  
ing the  s tandard  g r a n i t e ,  G - 1  (Zn = 45 ppm) , and the s tandard  d i a -  
base ,  W - l  (Zn = 82 ppm) ( F l e i s c h e r ,  1965), wi th  pure S i 0  q u a r t z ,  2 
u s ing  equal  p a r t s  of each preceding s tandard and S i 0  These s tand-  2' 
a r d s  were used t o  e s t a b l i s h  a d e t e c t i o n  l i m i t  f o r  Zn a t  4 ppm, us ing  
20 mg sample and 20 mg powdered g raph i t e ,  tamped f i rmly  i n t o  the  
c a v i t y  of an  S-13 type e lec t rode .  
Another set  of s tandards  w a s  made us ing  the  opa l  g l a s s  s tandard  
NBS-91, which has  a recorded z i n c  concent ra t ion  of 640 ppb. The 
z i n c  conten t  of NBS-91 w a s  reanalyzed us ing  both X-ray f luorescence  
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and atomic absorp t ion  techniques.  
was obtained (F.  C u t t i t t a ,  o r a l  comun. ) .  
A Zn concen t r a t ion  of 670 ppm 
These s i l i c a t e  s tandards  con ta in  Zn i n  a ma t r ix  approximating 
D i l u t i o n  of the s tandard  chemical composition of t e k t i t e  g l a s ses .  
was made with a s y n t h e t i c  t e k t i t e - b a s e  mat r ix  of t e k t i t e  composition 
cons i s t ing  of Johnson-Mathey "Specpure" chemicals and a pure qua r t z  
as shown i n  t a b l e  2. 
Tab l e  2. - -Synthe t ic  t e k t  i t e -base  ma t r ix  
S i0  (qua r t z )  , N. C. 
A1203 
Fe203 
K2C03 
C a C 0 3  
MgO 
N a 2 C 0 3  
T io2 
2 
Total  
Percent  
7 6  
14 
3 
2.5 
2 
1 
1 
.5 
100.0 
This  mixture was s i n t e r e d  a t  900°C f o r  h a l f  an  hour i n  a muff le  
furnace. The mat r ix  w a s  ground and then mixed wi th  NBS-91, provid- 
ing a d i l u t e d  s tandard con ta in ing  67 ppm Zn. Subsequent d i l u t i o n s  
were made with equal  p a r t s  of mat r ix  t o  g ive  a series of graded Zn 
concent ra t ions  down t o  1.0 ppm. 
A comparison of t he  a n a l y t i c a l  curves  obtained wi th  the  carbon 
and g raph i t e  anodes is  shown i n  f i g u r e  1. The s l i g h t l y  s t e e p e r  
s lope is  obtained wi th  the  g r a p h i t e ,  which might be i n d i c a t i v e  of 
a more e f f i c i e n t  e x c i t a t i o n  ( l e s s  s e l f - r e v e r s a l )  i n  t he  coo le r  
e lec t rode .  
60 - 
40-  
- 
2c 
I 
> 
c g 20- 
w c
z 
Plate Factor 2 73A/mm 
I ,  I I  I I 1  
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SILVER DETERPIINATIONS 
Af te r  the optimum condi t ions  were e s t a b l i s h e d  f o r  t he  d e t e r -  
 inati at ion oL z i n c ,  an at tempt  was made t o  f i n d  an i n t e r n a l  s tandard  
i ~ l ~ i c h  might provide high accuracy. Although Wedepohl (1953) found 
catlmium t o  be  a s a t i s f a c t o r y  i n t e r n a l  s tandard w i t h  h i s  "boi le r"  
clnrictiment method f o r  the  de te rmina t ion  of z i n c ,  s e v e r a l  moving 
o r  jumping p l a t e  t e s t s  with Cd ( a s  CdO) and G e  ( a s  GeO ) added as 
i n t e r n a l  s tandards ind ica ted  Cd t o  be more v o l a t i l e  and Ge less  
v o l a t i l e  than Zn, under the  a r c i n g  condi t ions  descr ibed  above. 
IIowever, i t  was noted t h a t  a s i l v e r  impuri ty ,  as d e t e c t e d  by the  
Ag 3382.99 and Ag 3280.683 l i n e s ,  w a s  v o l a t i l i z e d  beyond d e t e c t -  
a b i l i t y  i n  approximately 60 seconds. 
2 
A s e r i e s  of s tandards  i n  a pegmati te  base mat r ix  (Bastron 
and o t h e r s ,  1960), which contained as l i t t l e  as 0.215 ppm Ag, 
was arced under t h e  same condi t ions  used f o r  t h e  de te rmina t ion  of 
zinc.  The a n a l y t i c a l  curves f o r  both s e n s i t i v e  Ag l i n e s  are shown 
in  f i g u r e  2. Since no modi f ica t ion  of t h e  Zn procedure i s  necessary ,  
Ag can be determined t o  as low as 0.2 ppm a t  t h e  same t i m e .  Care 
must b e  taken, however, t o  use t h e  Ag 3382.99 l i n e  when Mn i s  
p r e s e n t ,  e s p e c i a l l y  when Mn 3280.75 i s  v i s i b l e .  This  l i n e  causes  
a s l i g h t  background d i f f i c u l t y  f o r  Ag de termina t ions  below 1 ppm. 
Prec is ion  of determinat ions f o r  Zn w a s  checked by a r c i n g  10 r e p l i -  
c a t e  samples of a G - 1 : S i O  s tandard (Zn = 22.5 ppm). A c o e f f i c i e n t  
of v a r i a t i o n s  f o r  t h e  method was approximately 6 percent .  
2 
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